Design of a Millimeter-Wave Beamforming Network and Antenna Array by unknown
   
II 
 
    
iii 
 
 
 
 
 
 
 
© Ali Tawfiq Al-Reshaid 
2014 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
 
 
 
 
 
 
 
 
 
 
 
To my parents, Maha and Tawfiq 
 
 
 
 
 
  
v 
 
ACKNOWLEDGMENTS 
 
     The author would like to thank his advisor, Dr. Mohammad Sharawi, for his 
effort in supervising the work done in this Thesis. His advises, corrections, and 
suggestions were essential to this work. 
 
     The effort done by Prof. Kamal Sarabandi in acquiring the measurements for 
the fabricated designs is acknowledged by the author. Dr. Kamal conducted the 
measurements at the University of Michigan, An Arbor, USA.  
 
     The author would also thank Mohammad Umar Khan and Rifaqat Hussain 
for their help in manufacturing and measuring the system in the Antenna and 
Microwave Structure Design Lab at KFUPM.  
 
     Finally, the author would like to express his appreciation to the National 
Science, Technology and Innovation Plan (NSTIP), represented by the Deanship 
of Scientific Research (DSR) at King Fahd University of Petroleum and 
Minerals for funding this project.  
  
vi 
 
TABLE OF CONTENTS 
ACKNOWLEDGMENTS ............................................................................................................. V 
TABLE OF CONTENTS ............................................................................................................. VI 
LIST OF TABLES ........................................................................................................................ IX 
LIST OF FIGURES ....................................................................................................................... X 
LIST OF ABBREVIATIONS ................................................................................................... XIV 
ABSTRACT ................................................................................................................................. XV 
ABSTRACT (ARABIC) ........................................................................................................... XVI 
1 CHAPTER - INTRODUCTION .......................................................................................... 1 
1.1 Contributions .................................................................................................................................. 3 
1.2 Thesis Organization ......................................................................................................................... 4 
2 CHAPTER - THEORITICAL BACKGROUND ................................................................ 5 
2.1 Beam-Forming Networks ................................................................................................................ 5 
2.2 Butler Feed Network ....................................................................................................................... 5 
2.3 Butler Network's Components ........................................................................................................ 9 
2.3.1 Hybrid Coupler ............................................................................................................................. 9 
2.3.2      Crossover..................................................................................................................................... 10 
2.3.3       Phase Shifter .............................................................................................................................. 11 
2.4 Microstrip Antenna ....................................................................................................................... 12 
2.4.1 Slot Antenna ............................................................................................................................... 13 
2.4.2 Patch Antenna ............................................................................................................................ 16 
2.5 Conclusions ................................................................................................................................... 18 
3 CHAPTER - LITERATURE REVIEW ............................................................................ 19 
3.1 Literature Review Introduction ..................................................................................................... 19 
vii 
 
3.2 Butler Matrix & Antenna Array Literature Review ........................................................................ 19 
3.2.1 Butler Matrix Literature Review ............................................................................................... 20 
3.2.2 Literature Review of Antenna Array Integrated with Butler Network ....................................... 36 
3.3 Literature Review Summary .......................................................................................................... 39 
3.4 Conclusions ................................................................................................................................... 42 
4 CHAPTER - BUTLER NETWORK DESIGN AND ANALYSIS ................................... 43 
4.1 Stage I (Butler Design on RO3003 substrate of thickness 1.76mm) ............................................... 43 
4.1.1 Hybrid Coupler ........................................................................................................................... 44 
4.1.2 Crossover .................................................................................................................................... 48 
4.1.3 Schiffman Phase Shifter ............................................................................................................. 51 
4.1.4 The Complete Butler Network ................................................................................................... 53 
4.2 Stage II (Butler Design on RO3003 substrate of thickness 0.13mm) .............................................. 60 
4.3 Stage III (Second Butler Design on RO3003 substrate of thickness 0.13mm) ................................. 64 
4.4 Conclusions ................................................................................................................................... 68 
5 CHAPTER - COMPLETE MM-WAVE FEED NETWORK AND ANTENNA ARRAY 
SYSTEM .............................................................................................................................. 69 
5.1 Single Element Antennas at mm-wave .......................................................................................... 69 
5.1.1 Single element patch antenna at mm-wave .............................................................................. 69 
5.1.2 Single element slot antenna at mm-wave .................................................................................. 70 
5.2 Linear Antenna Array (1x4) at mm-wave ....................................................................................... 72 
5.3 Power Splitter/Combiner .............................................................................................................. 75 
5.4 Planar 4x4 Antenna Array ............................................................................................................. 77 
5.5 Complete integrated mm-wave System ........................................................................................ 79 
5.6 Conclusions ................................................................................................................................... 85 
6 CHAPTER - FABRICATION & MEASUREMENTS ..................................................... 86 
6.1 Butler - Stage I - Failed Attempts................................................................................................... 86 
6.2 Butler - Stage II ............................................................................................................................. 87 
viii 
 
6.3 Butler Integrated with Linear Array .............................................................................................. 88 
6.4 Butler – Stage III ............................................................................................................................ 90 
6.5 Linear Slot Antenna Array ............................................................................................................. 94 
6.6 Complete Integrated System ......................................................................................................... 96 
6.7 Conclusions ................................................................................................................................... 97 
7 CHAPTER - THESIS CONCLUSIONS ............................................................................ 98 
7.1 Conclusions ................................................................................................................................... 98 
7.2 Future Work .................................................................................................................................. 99 
APPENDIX (A) – CHALLENGES ......................................................................................... 100 
APPENDIX (B) – PHASED ARRAY .................................................................................... 103 
APPENDIX (C) – SOFTWARE TOOLS .............................................................................. 105 
APPENDIX (D) – 2X4 & 3X4 SLOT ANTENNA ARRAY ............................................... 106 
REFERENCES.......................................................................................................................... 110 
VITAE ....................................................................................................................................... 115 
 
 
 
  
ix 
 
LIST OF TABLES 
Table 1 Phase difference between output ports for 4x4 Butler ........................................... 8 
Table 2 Gain and angles of the fabricated system in [17]................................................. 39 
Table 3 Patterns of complete system VS slot array when port 1 of Butler network is 
excited ................................................................................................................. 81 
Table 4 Patterns of complete system VS slot array when port 2 of Butler network is 
excited ................................................................................................................. 82 
Table 5 Patterns of complete system VS slot array when port 3 of Butler network is 
excited ................................................................................................................. 83 
Table 6 Patterns of complete system VS slot array when port 4 of Butler network is 
excited ................................................................................................................. 84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
x 
 
LIST OF FIGURES 
Figure 1 Average Atmospheric Absorption of millimeter waves [1] ................................. 2 
Figure 2 Overall Proposed System ..................................................................................... 3 
Figure 3 Block diagram of 4x4 Butler Feed Network ........................................................ 7 
Figure 4 Block Diagram of Hybrid Coupler ....................................................................... 9 
Figure 5 Fabricated Hybrid Coupler ................................................................................. 10 
Figure 6 Crossover by several layers ................................................................................ 10 
Figure 7 Crossover on one layer ....................................................................................... 11 
Figure 8 C-section vs straight line; (a) Diagram. (b) Phase Plot. [7] ................................ 12 
Figure 9 Slot Antenna and its dimensions ........................................................................ 13 
Figure 10 Radiation Mechanism for (a) Dipole Antenna (b) Slot Antenna ...................... 14 
Figure 11 Slot Antenna as a transmission line .................................................................. 14 
Figure 12 Comparison between the dipole and the slot antenna ...................................... 15 
Figure 13 Mircrostrip Patch Antenna ............................................................................... 16 
Figure 14 TM010 mode of the patch antenna [6] ............................................................... 18 
Figure 15 4x4 Butler at 60 GHz [18]. ............................................................................... 21 
Figure 16 Fabricated 4x4 Butler at 62 GHz [18] .............................................................. 21 
Figure 17 Measured and simulated return loss [18].......................................................... 22 
Figure 18 Fabricated 4x4 Butler at 60 GHz [37] .............................................................. 22 
Figure 19  Array Antenna on another layer [38]............................................................... 23 
Figure 20  4x4 Butler with Schiffman phase Shifter [11] ................................................. 23 
Figure 21  Novel Design of Hybrid Coupler [23] ............................................................. 24 
Figure 22 Butler Network based on 3 Hybrid Coupler designs [23] ................................ 24 
Figure 23 Tapered-line-Directional-Coupler [15] ............................................................ 25 
Figure 24 Schematic of 4x4 Butler [15] ........................................................................... 25 
Figure 25 4x4 Butler with mitered bends [41] .................................................................. 26 
Figure 26 Dual-Band Butler (a) Hybrid Coupler (b) Crossover (c) Schiffman Phase 
Shifter [17] ...................................................................................................... 26 
Figure 27 Dual-Band Butler with Dual-Band Array Antenna [17] .................................. 27 
Figure 28 3x3 Butler Network [42] .................................................................................. 27 
Figure 29 4x4 Butler with no crossover [35] .................................................................... 28 
Figure 30  Metal-Ground-Metal Structure ........................................................................ 29 
Figure 31  Metal-Metal-Ground Structure ........................................................................ 29 
Figure 32 Layer Switching [30] ........................................................................................ 30 
Figure 33 3x4 Butler Feed Network [30] .......................................................................... 30 
Figure 34 Two-Layer Hybrid Coupler [24] ...................................................................... 31 
Figure 35 Bilateral 4x4 Butler Network [24] .................................................................... 31 
Figure 36 Measured transmission magnitudes of the butterfly 4×4 Butler matrix: (a) port 
1 is fed (b) port 2 is fed [24] ........................................................................... 32 
Figure 37 (a) Layout (b) Assembeled model of 4x4 Butler Matrix [12] .......................... 33 
xi 
 
Figure 38  Schematic of the proposed multiport measuring system with a single 8x8 
Butler matrix allowing for reflection and transmission coefficient 
measurement [31]............................................................................................ 34 
Figure 39 Terta-lateral Structure ....................................................................................... 34 
Figure 40 (a) even (b) odd modes of operations [20] ....................................................... 35 
Figure 41 8x8 Butler Matrix [10]...................................................................................... 35 
Figure 42 Simulated Return loss for the patch antenna [18] ............................................ 37 
Figure 43 Sinle Quasi-Yagi antenna element operating at 60 GHz [37]. ......................... 37 
Figure 44 Configuration of the linear patch antenna with its reflector [10]. .................... 38 
Figure 45  Classification based on number of layers ........................................................ 40 
Figure 46 4x4 Butler captured most of the attention ........................................................ 40 
Figure 47 Classification based on operating frequency .................................................... 41 
Figure 48 Antenna Array types integrated with Butler Networks .................................... 42 
Figure 49 Quarter Wavelength Transformer ..................................................................... 44 
Figure 50 MWO Diagram of Hybrid Coupler .................................................................. 45 
Figure  51 MWO S-parameters from Port 1 of the Hybrid Coupler ................................. 45 
Figure  52 MWO Phase Plot lot of the Hybrid Coupler.................................................... 46 
Figure  53 HFSS Design of the Hybrid Coupler ............................................................... 47 
Figure 54 HFSS S-parameters from Port 1 of the Hybrid Coupler................................... 47 
Figure 55 HFSS Phase Plot lot of the Hybrid Coupler ..................................................... 48 
Figure 56 MWO Diagram of the crossover ...................................................................... 48 
Figure  57 MWO S-parameters of the crossover .............................................................. 49 
Figure 58 MWO Phase Plot of the crossover.................................................................... 49 
Figure 59 HFSS Design of the crossover .......................................................................... 50 
Figure 60 HFSS Insertion loss of the two paths of the crossover ..................................... 50 
Figure  61 HFSS Phase shifts introduced by the crossover .............................................. 51 
Figure  62 HFSS Design of Schiffman Phase Shifter ....................................................... 51 
Figure 63 HFSS Insertion Loss and Rerlection Coefficient of the proposed shifter ........ 52 
Figure 64  HFSS Diagram of the tuning system ............................................................... 52 
Figure  65 Schiffman Phase Shifter of 45 degrees ............................................................ 53 
Figure 66 MWO Diagram of the proposed 4x4 Butler ..................................................... 54 
Figure 67 MWO S-parameters of Butler Nework when port 1 is excited ........................ 55 
Figure 68 MWO Phase Plot of Butler ............................................................................... 55 
Figure 69 Butler Network with modified Hybrid Couplers .............................................. 56 
Figure 70 S-parameters for the proposed Butler Netwotk ................................................ 56 
Figure 71 Phase Plot of the proposed Butler Network ..................................................... 57 
Figure 72 Diagram for the physical port [46] ................................................................... 58 
Figure 73 Layout of Butler wit GND pads ....................................................................... 58 
Figure 74 Amplitude response when port 1 is excited ...................................................... 59 
Figure   75 Phase response when port 1 is excited ............................................................ 59 
xii 
 
Figure 76 Butler Network on a 0.13mm substrate ............................................................ 61 
Figure  77 Amlitude response when port 1 is excited for Butler-Stage II ........................ 61 
Figure 78 Phase response when port 1 is excited for Butler-Stage II ............................... 62 
Figure 79 Amplitude response when port 2 is excited for Butler-Stage II ....................... 62 
Figure  80 Phase response when port 2 is excited for Butler-Stage II .............................. 63 
Figure 81 Simulated reflection coefficients for Butler-Stage II ....................................... 64 
Figure 82 S-parameter for the redesigned Hybrid Coupler............................................... 65 
Figure 83 S-parameter of the redesigned Crossover ......................................................... 65 
Figure 84 Layout of Butler-Stage III ................................................................................ 66 
Figure 85 Butler Output responses when port 1 is excited ............................................... 66 
Figure 86 Butler Output responses when port 2 is excited ............................................... 67 
Figure 87 Reflection Coefficients of Butler-Stage III ...................................................... 68 
Figure 88 Layout of a single patch antenna and its radiation ........................................... 70 
Figure 89 Reflection Coefficient of a single patch antenna .............................................. 70 
Figure 90 (a) Layout and (b) radiation pattern of a single slot antenna ............................ 71 
Figure 91 Reflection Coefficient of a single slot antenna................................................. 71 
Figure 92 Layout of Butler + Linear patch antenna array ................................................ 72 
Figure 93 Radiation patterns when port (a) 1 (b) 2 is excited for Butler+Linear patch 
array ................................................................................................................ 73 
Figure 94 Radiation patterns when port (a) 3 (b) 4 is excited for Butler+Linear patch 
array ................................................................................................................ 73 
Figure 95 Layout of Butler + Linear Slot antenna array ................................................... 74 
Figure 96 Radiation patterns when port (a) 1 (b) 2 is excited for Butler+Linear slot array
......................................................................................................................... 74 
Figure 97 Radiation patterns when port (a) 3 (b) 4 is excited for Butler+Linear slot array
......................................................................................................................... 75 
Figure 98 Types of feeding systems [6] ............................................................................ 76 
Figure 99 Lambda/4 transformers needed for corporate network [6] ............................... 76 
Figure 100 Layout of 4x4 slot antenna array .................................................................... 77 
Figure 101 Radiation pattern when port (a) 1 (b) 2 is excited .......................................... 78 
Figure 102 Reflection Coefficients of 4x4 slot antenna array .......................................... 79 
Figure 103 The complete integrated system ..................................................................... 80 
Figure 104 2D Polar plots for the radiation patterns when port (a) 1, (b) 2 is excited ..... 85 
Figure 105 Butler PCB design based on Stage I ............................................................... 86 
Figure 106 Fabricated Butler based on Stage II................................................................ 87 
Figure 107 Phase response when port (a) 1 (b) 2 is excited ............................................. 88 
Figure 108 Metallic sheet attached to support the fragile substrate .................................. 88 
Figure 109 Exciting port 1 while others are terminted ..................................................... 89 
Figure 110 Measured reflection coefficients for Butler+Linear Patches when port 1 is 
excited ............................................................................................................. 89 
xiii 
 
Figure  111 Measured reflection coefficients for Butler+Linear Slots when port 1 is 
excited ............................................................................................................. 90 
Figure 112 Fabricated Butler Network based on Stage III ............................................... 90 
Figure 113 Measured input reflection coefficients of Butler-Stage III ............................. 91 
Figure 114 Measured output reflection coefficients of Butler-Stage III ........................... 91 
Figure 115 Measured output response of Butler-Stage III when port 1 is excited ........... 92 
Figure 116 Measured output response of Butler-Stage III when port 2 is excited ........... 93 
Figure 117 Measured output phase response of Butler-Stage III when port 1 is excited . 93 
Figure 118 Measured output phase response of Butler-Stage III when port 2 is excited . 94 
Figure 119 The fabricated 4x4 Slot Antenna Array .......................................................... 95 
Figure 120 The measured reflection coefficients of the4x4 slot antenna array ................ 95 
Figure 121 Comparison between Simulated and Measured reflection coefficient S11 .... 95 
Figure 122 The fabricated complete integrated system .................................................... 96 
Figure 123 The measured reflection coefficients for the complete integrated system ..... 96 
Figure 124 Holder for the complete structure ................................................................. 101 
Figure 125 Damaged board due to unmounted cables .................................................... 102 
Figure 126 Radiation patterns of a 1x4 linear antenna array connected to an ideal Butler 
network ......................................................................................................... 104 
Figure 127 Layout of the 2x4 SLot Antenna Array ........................................................ 106 
Figure 128 Reflection Coefficients of the 2x4 Slot Antenna Array ............................... 107 
Figure 129 Radiation patterns when port (a) 1 (b) 2 is excited for the 2x4 slot antenna 
array .............................................................................................................. 107 
Figure 130 Layout of the 3x4 Slot Antenna Array ......................................................... 108 
Figure 131 Reflection Coefficients of the 3x4 Slot Antenna Array ............................... 108 
Figure 132 Radiation patterns when port (a) 1 (b) 2 is excited for the 3x4 slot antenna 
array .............................................................................................................. 109 
 
  
xiv 
 
 
LIST OF ABBREVIATIONS 
 
3D  :  Three Dimensions 
 
AF  :  Array Factor 
 
BW  :  Bandwidth 
 
CMOS :  Complementary Metal Oxide Semiconductor 
 
dB  :  Decibel (Logarithmic ratio)  
 
dBi  :  Decibel (Compared to an isotropic radiator) 
 
dBm  :  Decibel (Compared to 10
-3
 of a unit) 
 
FEM  :  Finite element method 
 
HFSS  :  High Frequency Structural Simulator 
 
HPBW :  Half-power Beam width 
 
LTE  :  Long-Term evolution 
 
MIMO :  Multi-input Multi-output 
 
MM-WAVE :  Millimeter-Wave 
 
MWO  :  Microwave Office 
 
PCB  :  Printed-Circuit Board 
 
RF  :  Radio Frequency 
 
SIW  :  Substrate-integrated waveguide 
 
  
xv 
 
ABSTRACT 
 
Full Name : [Ali Tawfiq Al-Reshaid] 
Thesis Title : [DESIGN OF A MM-WAVE BEAMFORMING NETWORK AND 
ANTENNA ARRAY] 
Major Field : [Electrical Engineering - Electromagnetics] 
Date of Degree : [December 2014] 
 
 
Beam-Forming Feed Networks played major role in radar communications 
and directive antenna systems in beam scanning applications. One of the 
most desirable features of any radar system is to have directional high data 
rate communications. One of the powerful candidates is the Millimeter-wave 
Technology. Mm-wave communications has been used for a long time in the 
military and for point-to-point communication links. Recently, their 
consideration for short range communications and inclusion with 5G 
standards has been accepted by the research and industrial communities. It 
offers very large transmission bandwidth that is required to satisfy the 
expected 5G throughput, levels that are expected to be 1000 times more that 
its 4G counterparts. 
In this work, the design of a Beam-Forming feed network based on the 
Butler matrix and an Antenna Array operating at mm-wave is presented. A 
step by step procedure is followed to design and fabricate the system that 
consists of a 4x4 Butler matrix feed network and a 16-element printed 
Antenna Array consisting of  4x4 planar slot based antenna elements. Every 
4 slot antennas are series fed by a common microstrip line to reduce the 
complexity of the design. The integrated feed network and antenna array 
operated at 28.5 GHz with a simulated bandwidth of 1 GHz. In simulations, 
the maximum achieved gain was 12 dB and the beam was switched between 
four directions; -45˚, -20˚, +20˚ and +45˚. Several prototypes were 
fabricated and simulation and measurements results are compared.  
  
 ivx
 
 )cibarA( TCARTSBA
 ملخص الرسالة
 
 
 علي بن توفيق الرشيد :الاسم الكامل
 
 :عنوان الرسالة
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 4102ديسيمبر  :تاريخ الدرجة العلمية
 
شبببببكاغ ال غليببببة المكوا لببببة لعشبببباة المو ا هببببة لاببببب  دوظاة ابيببببراة فببببي   ببببا  ا ت ببببا غ و ل مببببة الهوائيبببباغ 
 . واحبببدن مبببن  امبببر السبببماغ المرأبببو  فيهبببا فبببي  ل مبببة اّت بببا غ  بببي تبببوفير وسبببيلة اتا بببا   اغال وايهيبببة
ماببدا  ل ببا بيالبباغ عببالي و اغ توايببه  ببوط. و ببلج الم  لاببباغ تااببا ت نيببة  شبب ا ة الملليمي ببر مببن  بببر  المرشبب ين 
وفبببي ل بببوفير  نبببواغ ا ت بببا . تبببن اسببب ةدال ت نيبببة  شببب ا ة الملليمي بببر منبببل  مبببن طويبببا فبببي ال  اعببباغ الاسبببكرية 
غ الاسبببكرية وال بببناعية مببب  راة  نبببواغ ا ت بببا  ببببين مسببب ةدل واحبببد  لببب  مسببب ةدل واحبببد ف ببب . ببببد غ المابببا 
.  بببلج ال  نيبببة )G5(باّ  مبببال بهبببا فبببي تبببوفير ا ت بببا غ  اغ المبببدص ال ريببب  وفبببي ت نيبببة ال وا بببا الاديبببدن 
الاديبببدن تبببوفار وسبببيلة ات بببا   اغ ل ببباو تبببرددط عبببريب ل بببوفير مابببدا  ل بببا البيالببباغ ابببافي ل لبيبببة م  لبببباغ 
مبببرا ن الكميابببة ال بببي ل  بببا عليهبببا مبببن  0001لن بببا البيالببباغ ت بببوو . ال ا بببة ا سببب ياابية )G5(ال  نيبببة الاديبببدن 
 .)G4(ال  نية ال الية 
 
شببببكة تغليبببة مكوا لبببة لعشببب ا ة المواهبببة باسببب ةدال م ببب وفة  ب لبببر   ل بببال فبببي  بببلج الرسبببالة  سبببو يببب ن ت بببمين
سبببي ن  ي بببام ال  بببمين  وال  بببني  ب  نيبببة  شببب ا ة الملليمي ببر.  الن بببال وسببياماوسببي ن  ي بببالها بم ببب وفة  وائياببباغ 
وال ياسببباغ المامليبببة بال   بببيا للن بببال البببلط ي كبببوا و مبببن شببببكة تغليبببة مكوا لبببة مبببن  ظبببب  مبببدا ا و ظبببب  مةببباظ  
عن ببر. اببا  ظببب  عنا ببر مببن الهوائيابباغ سببي ن تغببلي ها ب ببري  واحببد  61م  ببلة  لبب  م بب وفة  وائيابباغ مببن 
ا يببد ترايبب  الم بب وفة الهوائياببة علبب  شبببكة ال غليببة. تببن اببمن مببن المليببوو مببن الم ببر ل بسببي  ت 3.0 و عببر 
عاليببببة ال ببببردد وتببببن ال  ببببو  علبببب  ل بببباو تببببرددط  و ت ببببمين الن ببببال  و ة  باسبببب ةدال ل ببببال م ااببببان لعل مببببة 
 ي ببا رتم.  علبب   ببون توايهيببة تببن ال  ببو  عليهببا االبب  بم ببداظ  5.82 ي ببا رتم ويامببا علبب  ال ببردد  1عببر 
. ˚54+ - ,˚54- ˚02+ ,˚02 وايببه اعشبباة عببن م ببوظ الن ببال  لبب   ظببب  اتاا بباغ  ديسببيبا وتببن الناببام ب 21
تبببن ت بببمين وت بببني  عبببدا ن لمبببا   مبببن الن بببال فبببي  بببلج الرسبببالة وسبببي ن م اظلبببة الن بببائ  مبببن ببببرام  الم اابببان مببب  
 ل ائ  ال ياساغ الماملية.
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1 CHAPTER 1 
INTRODUCTION 
     The demand for the high data rate systems seems to grow tremendously in 
the near future. That is the major factor nominating millimeter-wave technology 
to be a powerful candidate for 5G standards. Mm-wave systems have been 
established decades ago, where the main focus was for the Military purposes and 
point-to-point applications. With the supporting factors of succeeding in 
manufacturing low-cost low-loss materials, and the recent potential research 
from the academia and commercial industry, mm-wave is trending to dominate 
the wireless technology in the coming years. Researchers and organizations 
started the move toward standardizing and licensing new bands, placing more 
attention toward this band from industrial and commercial firms [1]. 
 
     The name of the technology; "mm-wave", comes from the operating 
wavelength of the systems' frequency band. Since the frequency spectrum 
ranges from 30 to 300 GHz, the operating wavelength will range from 10 to 1 
mm. 
 
     A lot of focus was given to the 60 GHz band, because it is an unlicensed 
band. Many researches have been conducted in this frequency band. This high 
frequency technology offered a lot of promising features and advantages over 
other techniques. Unfortunately, one of the major affecting disadvantages is the 
high path loss, resulting in having a short range of communication. That is why 
this technology will be mainly targeted to work in indoor environments. Several 
positive points about this technology are: 
 
 High Bandwidth: A large unlicensed bandwidth has been established, 
which is available in all countries. This bandwidth could reach up to 7 
GHz. 
 
 Low interference with current devices: Most of the wireless devices used 
nowadays are working on the region from 1 to 7 GHz. So, negligible 
interference is expected. 
 
 Frequency Re-use: Since the mm-wave signal fades rapidly, the same 
used frequency can be used again in a near area without having 
interference between them. 
2 
 
 
 Compact System Size: Since the operating frequency is very high, the 
size of antennas and systems will be relatively small, easing the problem 
of integrating the design into small devices.  
 
 
     As mentioned earlier, high path loss is a major drawback of mm-wave 
technology. These losses are introduced in the channel due to the composition of 
the atmosphere. It can be noticed in Figure 1 that we have an attenuation peak at 
60 GHz due to Oxygen molecules. This can be avoided by shifting the operating 
frequency down to 30 GHz instead. To be more exact, the lowest attenuation 
achieved was at around 28 GHz, and it was 0.12 dB/Km at sea level. This is the 
reason why we chose our center frequency to be 28.5 GHz. By setting this 
certain frequency, the path attenuation is heavily reduced by almost 9 dB at sea 
level. [1] 
 
 
Figure 1 Average Atmospheric Absorption of millimeter waves [1] 
     According to reference [2], the life cycle of every wireless technology is a 
decade at most. So, there is point (estimated approximately at 2020) where the 
current 4G-LTE technology that offers 20 MHz channels for customers, will be 
insufficient to cover the BW need. This massive need can be satisfied by the 
BW offered when operating at high frequencies, such as mm-wave spectrum. 
Extensive measurements were conducted in [3]. The measurements show 
3 
 
promising results for two bands; 28 and 38 GHz, proposing them as the radio 
frequency carriers for 5G technology. 
 
     In this work, the 28.5-GHz band is targeted. A beam-forming feed network 
based on Butler matrix will be integrated with a planar 4x4 antenna array 
through power splitters and combiners as illustrated by Figure 2 
 
Figure 2 Overall Proposed System 
 
1.1 Contributions 
The contributions of this work are: 
 
1. Design and simulation of a broadband Slot antenna array (4x4 planar) 
with a center frequency of 28.5 GHz and a bandwidth of 1 GHz. 
 
2. Design of a broadband 4x4 Butler matrix feed network operating at 28.5 
GHz with at least 500 MHz BW. 
 
3. Detailed characterization of the performance of the fabricated antenna 
array and its feed network in the laboratory. 
 
4. Characterization of the performance of the integrated array with its Butler 
matrix feed network and assess its beam switching performance for short 
range communication systems in an antenna testing facility. 
 
4 
 
1.2 Thesis Organization 
     This Thesis has 8 chapters to illustrate and show the work done to achieve 
the objectives. Chapter 2 covers the theoretical background needed to 
understand the behavior of the system. First, the Butler feed network will be 
explained and why it was chosen over other beam-forming networks. Also, 
consisting components of Butler network will be illustrated. Finally, 
microstrip-based antennas; slot and rectangular patch will be analyzed and 
illustrated.  
2  
3      A literature review is conducted in chapter 3, covering the previous work 
done about Butler network with more focus to papers proposed a complete 
system including the antenna array.  
4  
5       Chapter 4 shows the design steps and procedures that were applied to 
acquire the targeted system. The design procedure took several stages to get 
into the final design, but they will be summed up to 3 important stages. Stage 
I suffered from high loss, while stage II almost attained ideal performance. 
Stage III was to mitigate a problem occurred with measurements conducted 
on fabricated models of stage II. All of the focus of this chapter is given to 
Butler network alone. 
6  
7      The complete integrated system including Butler network and antenna 
array with their feed network is designed and optimized in Chapter 5. First, 
single antenna elements are designed individually; analyzing the radiation 
properties of the slot antenna as well as the patch antenna. Later, a linear 1x4 
antenna array was built for the two antenna types to ensure the performance 
and the expected radiation when connect to Butler network. After that, the 
power splitter/combiner needed to connect Butler with the antenna array is 
discussed and designed. After that, the planar 4x4 slot antenna array is 
simulated; to guarantee the ability of the power splitter to feed the antenna 
elements properly so they will provide the expected radiation patterns when 
fed. Finally, the complete integrated system is simulated and analyzed.  
8  
9      In chapter 6, fabrications and measurements for designed Butler and 
antenna array will be shown. First, it will show the failed attempts to 
fabricate Butler network based on Stage I. Then, it will show measurements 
conducted on Butler model that is based on Stage II. Also, Butler network 
based on Stage III as well as the complete system design including the linear 
as well as the planar antenna array will be shown and their measurements 
will be analyzed. Finally, a plan for future work will be mentioned in 
Chapter 7. 
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2 CHAPTER 2 
THEORITICAL BACKGROUND 
2.1 Beam-Forming Networks 
     There are several configurations that can provide the desired phase and 
amplitude at the output ports for multi-beams antenna systems. They can be 
classified into different categories; Active and Passive, Steering and Non-
Steering, Simple and complex. Each configuration has its own pros and cons.  
 
     Several beam-forming networks have been investigated in an earlier work 
[4]. The Butler feed network was preferred over other types as its behavior can 
modeled firmly and its design is of less complexity. This is the reason of giving 
all of the focus on Butler in this work. The most widely used networks are: 
 
 Butler Matrix Feed Network 
 Phased Array Network 
 Rotman Lens 
 Monopulse Network 
2.2 Butler Feed Network 
     A beam-forming network based on the Butler Matrix is a reciprocal network. 
In other words, it can be used to combine the signals from an array Antenna or 
to split the injected signal into n-outputs with the corresponding phase shifts 
needed to feed the antenna array. 
 
     The Butler Network is an NxN network. It has N inputs and N outputs. For 
transmitting mode, depending on which input is injected with the signal, a 
certain direction of radiation will be generated. So a switch might be needed to 
control this process. In receiving mode, the array antennas will receive a signal 
in certain direction that will result in having one of the outputs acquiring most of 
the power of the signal. In other words, the port with highest power will be the 
one whose radiation configuration is used in receiving the signal. This can be 
used to determine the direction of the receiving signal. 
 
     For these networks, the number of inputs and outputs "N" is flexible. In 
literature review, one can find 4x4, 5x5, 6x6, 8x8 and 16x16 configurations. 
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Depending on this number, everything is designed accordingly; starting from 
number of components needed to the phase shifts required from fixed phase 
shifters. 
 
     The reasons of choosing Butler over other kinds of networks are: 
 It is a Reciprocal network; it can be used for transmitting and receiving.  
 It is a Passive circuit; no external biasing is needed. 
 No need for external control. 
 Compact Design. 
      
Unfortunately, it has some drawbacks, such as: 
 Beam patterns are fixed; it cannot be steered to other angles than the pre-
defined ones. 
 Power levels and phases of outputs cannot be modified. 
 Many components are needed. 
The components used to build this type of network are: 
 90° Hybrid Coupler 
 Crossover 
 Fixed Phase Shifter 
 Quarter-wavelength transformer. 
     The number of these components is related to the number of inputs and 
outputs. For different values of "N", different numbers of components are 
needed. Taking a 4x4 Butler network in this work, there will be four Hybrid 
couplers, two crossovers, two phase shifters and several quarter-wavelength 
transformers for matching purposes. The system is shown in Figure 3. 
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Figure 3 Block diagram of 4x4 Butler Feed Network 
 
The number of required components can calculated based on the number of inputs 'N', 
which has to be two raised to the power of multiples of two. [5] 
𝑵𝑯𝒚𝒃𝒓𝒊𝒅 𝑪𝑶𝒖𝒑𝒍𝒆𝒓 = (
𝑵
𝟐⁄ ) ×  𝐥𝐨𝐠𝟐(𝑵)                        (2.1) 
𝑵𝑷𝒉𝒂𝒔𝒆 𝒔𝒉𝒊𝒇𝒕𝒆𝒓𝒔 = (
𝑵
𝟐⁄ ) ×  𝐥𝐨𝐠𝟐(𝑵 − 𝟏)             (2.2) 
The radiation patterns are also determined by N. In this work, the Butler is 4x4, 
so the output phases should be -135, -45, +45 and +135 when port 1, 2, 3 or 4 is 
excited, respectively. In other words, when port 1 is excited, the phase 
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difference between adjacent outputs must be -45 degrees in order to have the 
desired constructive and destructive additions between the outputs. Considering 
Figure 3, if the leftmost port is used as input, we will have a radiation pattern 
similar to the one titled with "1R". 
 
     The pattern of the phase differences between the output ports can also be 
modeled. Depending on 'N', the network will generate N orthogonal beams. The 
model is described by the following relations, which is taken from the array 
factor illustrated in chapter 6 of [6]: 
𝐬𝐢𝐧 𝜽𝒊 =  ± [
𝒊 𝝀
𝟐 𝑵 𝑫⁄ ];       𝒊 = 𝟏, 𝟐, 𝟑, … . , 𝑵 − 𝟏        (2.3) 
𝜶𝒊 =  𝜷 𝒅 𝐬𝐢𝐧 𝜽𝒊 =  
𝟐 𝝅
𝝀
 × 𝒅 𝐬𝐢𝐧 𝜽𝒊 = 𝒊 (
𝝅
𝑵⁄ )                (2.4) 
Where θ is the elevation angle from the Z-axis in the Cartesian coordinate system, λ is 
the wavelength, N is the number of elements in the array, D is the inter-elements spacing 
and β is 2π divided by λ.  
     Table 1 shows the values of the phases of each output port for four cases. 
Case 1 is when port 1 is excited. Case 2 is when port 2 is excited, and so on. For 
the case when port 3 is excited, Beam Port-3's column shows the values of 
phases for the four output ports. It can be noticed that the phase difference 
between the ports will -135 degrees as shown. 
 
Table 1 Phase difference between output ports for 4x4 Butler 
Output\Input 
Beam 
Port-1 
Beam 
Port-2 
Beam 
Port-3 
Beam 
Port-4 
Port-5 135 45 90 0 
Port-6 90 180 -45 45 
Port-7 45 -45 180 90 
Port-8 0 90 45 135 
Phase Diff. -45 135 -135 45 
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2.3 Butler Network's Components 
2.3.1 Hybrid Coupler 
   The 90° Hybrid coupler is a block that is capable of splitting the signal into 
two equal parts with a phase difference of 90 degrees between them. This 
coupler is symmetrical and has four ports. It can be analyzed by even-odd 
method. A block diagram is shown in Figure 4.  
 
Figure 4 Block Diagram of Hybrid Coupler 
     In the hybrid coupler shown above, ports 1 and 4 are isolated; if a signal 
injected into port 1, nothing will arrive to port 4. It is expected that the power of 
the signals at ports 2 and 3 are equal. The benefit of this configuration over 
normal power divider is that it provides phase difference between the outputs; 
this will be used to have the required output phases at the outermost terminals. 
So, in terms of scattering parameters, S14 is expected to be zero and 
𝑆21
𝑆31
⁄ =
 𝜋 2⁄ .  
𝑺 =
−𝟏
√𝟐
 [
𝟎 𝒋
𝒋 𝟎
𝟏 𝟎
𝟎 𝟏
𝟏 𝟎
𝟎 𝟏
𝟎 𝒋
𝒋 𝟎
]                    (2.5) 
     The Hybrid Coupler can be built by connecting two pairs of quarter-
wavelength micro strip lines of certain characteristic impedance with another 
pair of the same length but with impedance equal to the characteristic value 
divided by√2. Figure 5 shows examples of fabricated Hybrid couplers. 
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Figure 5 Fabricated Hybrid Coupler 
2.3.2      Crossover 
     There are four outputs in the network, so we need to split the signal into four 
sub-signals. Thus, the signal is needed to pass through a second stage of hybrid 
couplers. This will result in having an intersection between the lines, which is a 
problem for micro-strip circuits. A line cannot jump over or go underneath 
another to pass through it. 
 
     There are two methods to solve this problem. One way to have a crossover 
between the lines is by etching the circuit on the surfaces of two substrates 
mounted on top of each other. So, the line can transfer into other layer when 
needed. An illustration is shown in Figure 6. 
 
Figure 6 Crossover by several layers 
     Another way to do crossover is to cascade two hybrid couplers. This will 
result in passing the two signals across each other with some loss and phase 
shift. The two hybrid couplers are connected by two quarter-wavelength 
transmission line with the value of the characteristic impedance as illustrated in 
Figure 7. 
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Figure 7 Crossover on one layer 
2.3.3       Phase Shifter 
     As can be noticed from previous components, the outputs will suffer from 
some undesired various phase shifts. The difference in the phase shifts between 
the outputs must follow a certain pattern. In order to achieve that, phase shifters 
are introduced to modify them. The geometry of the system will remain 
unchanged, thus, fixed phase shifters are preferred over steering shifters to have 
fixed radiation beams. 
 
     In the implementation, it can be simply accomplished by placing a 
transmission line with certain length that corresponds to the desired phase; this 
could be straight or bended line. For 4x4 Butler network, the phase shift needed 
is   π⁄4   radian. 
 
     One of the major concerns is to provide this specific phase shift for a large 
bandwidth of operation. A simple line will provide the required phase shift but 
with relatively not wide bandwidth. Several designs of phase shifter are capable 
of offering this wide frequency range such as Schiffman Phase Shifters. 
 
     The Schiffman phase shifter used in this design consists of two sections; the 
first one is the reference transmission line, while the other is a single C-section 
of two parallel coupled transmission lines connected directly to each other at one 
end. In Figure 8, it shows how the C-section line will provide a phase shift of 
90˚ over the other straight transmission line. [7] 
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Figure 8 C-section vs straight line; (a) Diagram. (b) Phase Plot. [7] 
 
2.4 Microstrip Antenna 
     Microstip-based antennas have received large attention in the last few 
decades due to several advantages. These low profile antennas can be mounted 
on different geometrical structures; planar and even non-planar designs. The 
manufacturing difficulty is at its least for this type of antenna, making it the 
most commonly used in several systems. Economically, the cost to fabricate 
these antennas in large amount is low; making them preferable to be used on 
certain commercial applications. 
 
     On the other hand, these types of antennas cannot handle high power signals. 
Their structures are close to the rectangular cavity. That is the reason behind 
having very high Q factor. Unfortunately, bandwidth is also limited and the 
polarization is not that pure.  
 
     Based on the shape of the radiating part, we could have many designs. The 
key is to have the antenna resonating; radiating all the power as much as 
possible. In order for that to happen, we need the fields to add up in phase. We 
could have shapes as square, rectangular, dipole, circular, elliptical, triangular, 
sector, ring or sector of a ring. In this work, the rectangular patch and the 
rectangular aperture will be considered for the integrated system. Both of them 
will be discussed, analyzed and designed.  
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2.4.1 Slot Antenna 
     The slot antenna, shown in Figure 9, is widely used in applications where it is 
desired to place an antenna on a very fast moving object, i.e. aircrafts and 
missiles. Since it is just an opening slot filled with certain dielectric, it will not 
introduce any interrupts to the aerodynamic properties of an object. Another 
point, as will be shown later, the slot antenna provides wider bandwidth 
compared to regular microstrip-based antennas. 
 
 
Figure 9 Slot Antenna and its dimensions 
     Let's have a half-wavelength slot; the feeding mechanism will be through 
aperture coupling. The slot will be placed on the ground plane where the 
microstrip line will be on the top layer. For the radiation to take place, we either 
need the current to add up in phase (like dipole antenna) or the voltage to add up 
in phase (like this case). The reason behind choosing the length of Lambda/2 is 
that when the slot is fed, half a period voltage signal will take place across it. 
This will ensure having all the electric fields to add up in phase in one direction 
and that will produce radiation as illustrated in Figure 10 [8]. 
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(a)      (b) 
Figure 10 Radiation Mechanism for (a) Dipole Antenna (b) Slot Antenna 
     For the feeding point, if the slot was fed somewhere not in the middle, then 
the feeding point will be more than quarter-wavelength from one end and less 
than quarter-wavelength from the other side. As can be seen from Figure 11, the 
slot can be considered as a transmission line. At both terminals, the transmission 
lines are terminated by short circuits, making the voltage drop equal to zero 
between the two opposite sides surrounding the thin gap. From the Smith chart, 
when we move a distance greater than quarter-wavelength from the short circuit 
point (Smith Chart is used to represent impedance), we will end up with a 
negative impedance, in other words, a capacitive load. While when the distance 
is less than quarter-wavelength, it will be an inductive load. The key is to make 
the capacitive part cancel the inductive part in order for the antenna to resonate. 
It is found that the best place to feed is almost 0.05*Lambda away from one 
edge, which is a small distance. [8] 
          
Figure 11 Slot Antenna as a transmission line 
AC C R L 
15 
 
     For the analysis, there are two ways to express the radiated electric and 
magnetic fields. The first way is by solving the wave equations and applying the 
proper boundary conditions, which is quite lengthy. The other way is by using 
Duality Theorem and Babinet's principle, [6], which will be illustrated here. 
 
     It can be noted that the slot antenna is nothing but the compliment of the 
dipole antenna as illustrated in Figure 12. In terms of radiation patterns, if the 
radiation pattern of a dipole is added to the radiation pattern of a slot that has the 
exact same dimensions, the total pattern will look like an isotropic sphere, 
approximately.  
 
 
Figure 12 Comparison between the dipole and the slot antenna 
     By using the Duality theorem, mathematical expressions, that are alike but differ in 
the variable only, share the same solutions. So, if one is solved, the other can be obtained 
by proper variable replacement. Also, Babinet's principle states that the radiated fields of 
two complimentary radiating structures are related and governed by 
𝒁𝟏 × 𝒁𝟐 =  
𝜼𝟐
𝟒
⁄                       (2.6) 
     Where Zx is the impedance of structure 'x'. 
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     As a result, the radiating fields of the slot will be as a follows: 
o   𝐸𝜃_𝑠𝑙𝑜𝑡 =  𝐻𝜃_𝑑𝑖𝑝𝑜𝑙𝑒 = 𝑍𝑒𝑟𝑜                             (2.7) 
o   𝐸𝜙_𝑠𝑙𝑜𝑡 =  𝐻𝜙_𝑑𝑖𝑝𝑜𝑙𝑒 = 𝑗
𝐼0𝑒
−𝑗𝑘𝑟
2𝜋𝑟
[
cos(
𝑘𝑙
2
cos 𝜃)−cos(
𝑘𝑙
2
)
sin 𝜃
] (2.8) 
o   𝐻𝜃_𝑠𝑙𝑜𝑡 =  
−𝐸𝜃_𝑑𝑖𝑝𝑜𝑙𝑒
𝜂2⁄ =
𝐼0𝑒
−𝑗𝑘𝑟
2𝑗𝜂𝜋𝑟
[
cos(
𝑘𝑙
2
cos 𝜃)−cos(
𝑘𝑙
2
)
sin 𝜃
] (2.9) 
o   𝐻𝜙_𝑠𝑙𝑜𝑡 =  
−𝐸𝜙_𝑑𝑖𝑝𝑜𝑙𝑒
𝜂2
⁄ = 𝑍𝑒𝑟𝑜          (2.10) 
     Where η is the characteristic impedance of the medium, k is the wave number which is 
2*pi/Lambda and r is the distance from the antenna's center to the observation point. Ei 
and Hj are the electric field in the i-axis and the magnetic field in the j-axis, respectively. 
2.4.2 Patch Antenna  
     The microstrip patch antenna, shown in Figure 13, can be viewed as two slots 
connected by a low impedance transmission line. It can be analyzed by three 
different methods, which are transmission line model, cavity model and full 
wave numerical methods. The Cavity model will be considered to explain the 
radiation mechanism of the patch antenna. 
 
Figure 13 Mircrostrip Patch Antenna 
     In the analysis, the top and bottom layers will be considered as perfect 
electric conductors while the side walls are perfect magnetic conductors. The 
magnetic vector potential must satisfy the wave equation; ∇2𝐴 + 𝑘2𝐴 = 0. The 
solution will contain a standing-wave term in each axis in the rectangular 
coordinates. Considering TMx (Magnetic field is transverse), the solution is in 
the form of: [6] 
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𝐴𝑥 =  [𝐴1 cos(𝑘𝑥𝑥) + 𝐵1 sin 𝑘𝑥𝑥][𝐴2 cos(𝑘𝑦𝑦) + 𝐵2 sin 𝑘𝑦𝑦][𝐴3 cos(𝑘𝑧𝑧) +
𝐵3 sin 𝑘𝑧𝑧]     (2.11) 
 
    After solving it for the aforementioned boundary conditions, the expression will be as 
follows: 
 
𝐴𝑥 =  [𝐴1 cos(𝑘𝑥𝑥)][𝐴2 cos(𝑘𝑦𝑦)][𝐴3 cos(𝑘𝑧𝑧)] =
 𝐴𝑚𝑛𝑝 cos(𝑘𝑥𝑥) cos(𝑘𝑦𝑦) cos(𝑘𝑧𝑧)                (2.12) 
 
     Where 𝑘𝑥 , 𝑘𝑦 𝑎𝑛𝑑 𝑘𝑧 are wave numbers on their corresponding axes. They cannot be 
chosen to be zero all at once. The resonance frequency can be found by solving for k: 
 
𝑓𝑟,𝑚𝑛𝑝 =  
1
2𝜋√𝜇𝜀
 √(
𝑚𝜋
ℎ
)
2
+ (
𝑛𝜋
𝐿
)
2
+ (
𝑝𝜋
𝑊
)
2
          (2.13) 
 
     The lowest frequency generated for our structure is when m = p = 0 while n =1. It is 
called the dominant mode, given that h << L and h << W, 
 
𝑓𝑟𝑐(010) =  
1
2×(𝐿)√𝝐𝒓_𝒆𝒇𝒇√𝜇0𝜖0
                    (2.14) 
 
     Given that ω is the angular frequency, μ is the dielectric permeability and ε is the 
dielectric permittivity, the electric and magnetic fields can be found from the magnetic 
vector potential and Maxwell equations by the next set of equations: [6] 
 
𝑬𝒙 =  −𝒋
(𝒌𝟐−𝒌𝒓
𝟐)
𝝎𝝁𝜺
𝑨𝒎𝒏𝒑 𝐜𝐨𝐬(𝒌𝒙𝒙) 𝐜𝐨𝐬(𝒌𝒚𝒚) 𝐜𝐨𝐬(𝒌𝒛𝒛)     (2.15) 
𝑬𝒚 =  −𝒋
𝒌𝒙𝒌𝒚
𝝎𝝁𝜺
𝑨𝒎𝒏𝒑 𝐬𝐢𝐧(𝒌𝒙𝒙) 𝐬𝐢𝐧(𝒌𝒚𝒚) 𝐜𝐨𝐬(𝒌𝒛𝒛)         2.16) 
𝑬𝒛 =  −𝒋
𝒌𝒙𝒌𝒛
𝝎𝝁𝜺
𝑨𝒎𝒏𝒑 𝐬𝐢𝐧(𝒌𝒙𝒙) 𝐜𝐨𝐬(𝒌𝒚𝒚) 𝐬𝐢𝐧(𝒌𝒛𝒛)                   (2.17) 
𝑯𝒙 =  𝟎     (TMx mode)                   (2.18) 
𝑯𝒚 =  −
𝒌𝒛
𝝁
𝑨𝒎𝒏𝒑 𝐜𝐨𝐬(𝒌𝒙𝒙) 𝐜𝐨𝐬(𝒌𝒚𝒚) 𝐬𝐢𝐧(𝒌𝒛𝒛)                (2.19) 
𝑯𝒛 =  −
𝒌𝒚
𝝁
𝑨𝒎𝒏𝒑 𝐜𝐨𝐬(𝒌𝒙𝒙) 𝐬𝐢𝐧(𝒌𝒚𝒚) 𝐜𝐨𝐬(𝒌𝒛𝒛)            2.20) 
 
     The fields under dominant mode will follow Figure 14. It can be noticed that the field 
will pass through a zero point in Length side of the patch and then it will become the 
opposite of the previous sign. This will create opposite charge distribution on the ground 
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plane. Almost an opposite distribution will be formed on the bottom layer of the patch 
antenna that will result in having electric fields that add up on the Width side of the 
patch, but they will not add up in phase on the Length side. 
 
 
Figure 14 TM010 mode of the patch antenna [6] 
     The radiation pattern of a patch is the sum of the radiations emitted by the 
two slots in the patch's structure. The patch pattern is analytically given as 
(assuming an infinite ground plane): 
 
 
𝐸𝜃 =  
2×sin(0.5×𝑘𝑊 sin 𝜃 sin 𝜙)
𝑘𝑊 sin 𝜃 sin 𝜙
× cos(0.5 × 𝑘𝐿 sin 𝜃 cos 𝜙) cos 𝜙   (2.21) 
 
 
𝐸𝜙 =  −
2×sin(0.5×𝑘𝑊 sin 𝜃 sin 𝜙)
𝑘𝑊 sin 𝜃 sin 𝜙
× cos(0.5 × 𝑘𝐿 sin 𝜃 cos 𝜙) cos 𝜃 sin 𝜙  (2.22) 
2.5 Conclusions 
     In this chapter, the Butler beam-forming network has been discussed in 
details; showing its advantages over other types of networks. Each component 
inside the Butler network has been explained and how it functions within the 
system. After that, antennas based on microstrip structures were presented. 
Finally, a focused view has been shed on patch and slot antenna, explaining their 
radiation mechanisms. 
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3 CHAPTER 3 
LITERATURE REVIEW 
3.1 Literature Review Introduction  
     Since the introduction of Butler Matrix Network in 1961 by Butler and Howe 
[9], researchers started to analyze and criticize the classic design. The first issue 
with the original Butler design was the relatively limited bandwidth. That was 
due to bandwidth limitation for some components. So, they started to introduce 
new designs for the hybrid coupler, crossover as well as the phase shifter which 
can carry larger capacity in terms of bandwidth. The Second point with the 
classic design is the problem of crossings, which was one of the major 
drawbacks in the Butler network. Several innovative ideas have been designed 
to overcome this hassle. Due to the problem of the crossover, people started to 
come up with new geometry for the network where they can reduce the number 
of crossings needed. Some new designs for the crossover achieved higher 
bandwidth. Other designs succeeded in totally avoiding the use of crossovers.  
[10], [11], [12], [13], [14], [15], [16], [17] 
     Regarding the bandwidth limitation, Researchers implemented new designs 
with relatively wider bandwidth for the phase shifter as they did in [4]-[11]. 
These new designs have higher bandwidth compared to the classic design 
presented in [18] for example. One paper avoided the use of phase shifter 
resulting in a higher bandwidth network [19]. Also different structures were 
used for the Hybrid Coupler to increase its bandwidth as was done in [10], [12], 
[13], [15], [16], [17], [20], [21], [22], [23], [24], [25], [26]. Also the same was 
made with the crossover as in [10], [12], [13], [17], [21], [22], [25], [26].  
 
    For the crossing issue, a number of papers introduced several designs to solve 
this problem. Some used Multi-layers structure to overcome it like [10], [12], 
[16], [20], [21], [22], [24], [25], [26], [27], [28], [29], [30], [31], [32]. One 
paper; [33], introduced a different layout on one layer to reduce the number of 
crossings. Some papers succeeded to build the butler network without using a 
crossover [34], [35]. 
3.2 Butler Matrix & Antenna Array Literature Review  
     First, the focus of the review will be on Butler matrix networks, where 
previous work is analyzed. Knowing advantages and disadvantages of several 
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designs and structures, it will aid us to decide which configurations and 
components to be used. Later, a dedicated review on antenna array integrated 
with these Butler networks will be presented and discussed. 
3.2.1 Butler Matrix Literature Review 
    In this literature review, the main classification chosen to categorize the work 
done for Butler Matrix Network is the number of metal layers used in the 
structure. There are three groups in this review: 
 
i. Bilateral Structure 
 
ii. Trilateral Structure 
 
iii. Tetra lateral Structure   
 
The classic design is a bilateral-structure Network. The two layers are the 
metallic conducting layer and the ground. Other classifications can be applied 
such as the operating frequency, geometry of the network and the size of the 
network. The size of the network can be 3x3, 4x4, 6x6, …, 32x32. The smallest 
size found was 3x3 (2x2 is just a Hybrid Coupler) and the largest one designed 
was 32x32. One paper [23] designed 3x4 Butler Network. All details will be 
shown in the following sections. 
3.2.1.1 Bilateral Structure Design 
     The papers which implemented a two-layer (Bilateral) design were [18], [11], 
[15], [17], [23], [35], [36], [5], [37], [38], [39], [40], [41], [42], [43]. In these 
papers they were restricted with one layer. As a result, all of them were forced to 
use the classic crossover where they cascade two Hybrid couplers with a 
quarter-wavelength transformer. Different designs were used for the Hybrid 
Coupler as well as the phase shifter. 
     In [5], a 4x4 Butler was proposed where a Genetic Algorithm (GA) was implemented 
to select the optimum dimensions of all components of the Butler network with the same 
layout as the classic design. The operating frequency was 3.15 GHz but the bandwidth 
was narrow. 
     A 4x4 Butler Network with a bandwidth of around 5.3 GHz operating at 60 GHz was 
designed and implemented in [18]. Since the operating frequency was high, the 
wavelength is very small that posed a limit where the components might overlap in the 
design. So, the characteristic impedance was changed from 50 Ω to 100 Ω to have 
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narrower. Quarter-wavelength transformers were needed at the input terminals. Figure 15 
shows this Butler matrix that was applied to a linear antenna array of 4-elements. 
 
Figure 15 4x4 Butler at 60 GHz [18]. 
     Due to fabrication tolerance, the frequency was shifted to 62 GHz instead of 
60 GHz. The size of the overall system was 9.75x13.1 squared mm as shown in 
Figure 16. Figure 17 shows the shift introduced in the frequency domain due to 
fabrication. 
 
Figure 16 Fabricated 4x4 Butler at 62 GHz [18] 
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Figure 17 Measured and simulated return loss [18] 
     Another design was fabricated and built at 60 GHz in [37]. The bandwidth 
achieved was higher and it was covering the band from 56.7 GHz to 63.7 GHz 
with a BW of 7 GHz. In this work, a Butler network alongside with a quasi-Yagi 
4x1 array antenna as well as a 4x1 switch were demonstrated as shown in Figure 
18. Here, the characteristic impedance was increased from 50 Ω to 70 Ω because 
of the high frequency. The fabricated system's size was 1.4 cm by 1.75 cm.  
 
Figure 18 Fabricated 4x4 Butler at 60 GHz [37] 
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     In [38], a 4x4 Butler that achieved a bandwidth of 3.4 GHz at an operating 
frequency of 60 GHz was presented. The new idea in this work was to separate 
the antenna from the Butler Network and put it on another layer. The array 
antenna was fed by the Butler network though coupling via holes in the common 
ground between the two layers. This design prevents surface waves and mutual 
interaction between the array antenna and the network. This idea is further 
explained in Figure 19 (a) and (b). The size of the network was 20.56 x 14 mm
2
. 
The thickness of the separating layer was 0.2 mm. Figure 19 (b) shows the 
Butler network while (a) shows the overall design. 
 
Figure 19  Array Antenna on another layer [38] 
     While in [11], they have used Schiffman phase shifter instead of a regular 
reference line. This technique is supposed to provide broader bandwidth of 
operation. This design presented a 4x4 Butler network operating at a frequency 
of 6 GHz. The bandwidth was about 400 MHz, which is relatively low. The 
fabricated size of the system was 115 mm x 115 mm as shown in Figure 20. The 
substrate used was Rogers5880 with relative dielectric constant of 2.2 and loss 
tangent equal to 0.0009. The thickness was 0.508 mm 
 
Figure 20  4x4 Butler with Schiffman phase Shifter [11] 
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     A novel design of a Hybrid coupler was implemented in [23]. In this paper, a 
4x4 Butler network operating at 1.85 GHz with a bandwidth of 300 MHz was 
designed and fabricated. The contribution of this paper resides in reducing the 
size of the network significantly. The paper took a new design of the Hybrid 
Coupler done by Sakagami and added some parasitic capacitance to solve the 
problem of frequency shifting in the design. The novel design succeeded to 
reduce the size of the network by 80% which results in having a compact system 
achieving the feeding task. The novel design is shown in Figure 21 with a 
comparison with other structures. Figure 22 (a) shows the fabricated models of 
Hybrid Couplers. It can be noticed that the size was reduced significantly when 
observing the whole structure of Butler Network implemented based on the 
novel design compared to the classical one. 
 
Figure 21  Novel Design of Hybrid Coupler [23] 
 
Figure 22 Butler Network based on 3 Hybrid Coupler designs [23] 
     Another design for the Coupler was shown in [15]. In this paper, they 
designed a 4x4 Butler network without fabrication. The simulated operating 
frequency was 5 GHz with a 6 GHz bandwidth. For the Coupler, they designed a 
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Tapered-coupled-line Directional Coupler as shown in Figure 23. For the phase 
shifter, the paper designed a two-section Schiffman phase shifter. The overall 
simulated structure is shown in Figure 24. In this paper, they ignored the 
problem of the crossover. They just did the simulation for the whole system to 
analyze the performance of their network. 
 
Figure 23 Tapered-line-Directional-Coupler [15] 
 
Figure 24 Schematic of 4x4 Butler [15] 
     In [41], a regular 4x4 Butler network operating at 2.4 GHz was designed. The 
bandwidth was about 200 MHz. The main idea of this paper was to prove that 
using mitered bends is better than using circular bends in terms of performance 
and provides more compact size. The system dimensions based on mitered 
bends was 18.137 cm by 6.127 cm. The overall design with mitered bends is 
shown in Figure 25. When compared to the circular-bend design, the bandwidth 
of the late one was 140 MHz and its size is larger. 
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Figure 25 4x4 Butler with mitered bends [41] 
     A dual band Butler Feed Network was designed and implemented in [17]. 
The 4x4 Butler network operated at two frequencies; 2.45 GHz and 5.8 GHz. 
Each component in the network must be re-designed to operate at these two 
frequencies. For the building blocks, the Hybrid Coupler consisted of two 
branch lines connected to each other forming a rectangle, because their lengths 
are not equal. In the classic design, the shape of the Hybrid coupler was like a 
square where the length of the side is quarter wavelength. Now, one of the sides 
is slightly larger than quarter-wavelength in order for the Hybrid coupler to 
resonate at two different frequencies. The dual-band crossover was designed by 
cascading two dual-band Hybrid Coupler with a quarter-wavelength line. For the 
phase shifter, it was implemented using a Schiffman broadband design where it 
provides the required phase shift over a wide bandwidth covering the two 
operating frequencies. Schematics of the three components are shown in Figure 
26.  The overall fabricated design was 107 mm by 157 mm and it was connected 
to a dual-band antenna array as shown in Figure 27. 
 
Figure 26 Dual-Band Butler (a) Hybrid Coupler (b) Crossover (c) Schiffman Phase Shifter [17] 
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Figure 27 Dual-Band Butler with Dual-Band Array Antenna [17] 
     In [42], the smallest Butler Network in terms of input/output ports operating 
at 1.7 GHz was designed. It was a 3x3 Butler matrix. The overall fabricated size 
was relatively big, which covered 13 x 13 cm
2
 as shown in Figure 28. It was 
fabricated on an FR-4 with dielectric constant of 4.25 and thickness of 1.5 mm. 
 
Figure 28 3x3 Butler Network [42] 
     A very clever design was implemented in [35], where the 4x4 Butler 
Network avoided the crossover problem. This system operating at 910 MHz, 
with a bandwidth of 100 MHz, succeeded to overcome the need of crossing the 
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two lines coming from the adjacent Hybrid Couplers. That was achieved at the 
expense of scattering the input and the output all over the system as shown in 
Figure 29. So, the network was not well organized to all inputs at one side and 
the outputs at the other side. 
 
Figure 29 4x4 Butler with no crossover [35] 
3.2.1.2 Trilateral Structure Design 
     The papers listed in this section had taken the advantages of having more 
than one layer. They used these layers to solve the problem of crossover, where 
they just let one line passes over one layer and the other passes on the second 
layer. New designs for the Coupler were found, where they separated the 
coupler into two parts, each one on different layer. The two parts interact with 
each other through coupling. The same thing goes for the phase shifter. 
Sometimes it is being done by a coupling route between different layers. Also a 
new task has been added which is the technique to switch between the two 
layers. This task can be achieved by using vias. But this will work for lower 
frequencies. For higher frequencies, other techniques are needed.  
     These three layers of metal can be separated into two groups depending on 
the position of the ground layer. On one hand, the papers [16], [24], [30], [32] 
placed the ground layer in the middle between the two conducting metallic 
layers as shown in Figure 30. On the other hand, [12], [26] and [31] have placed 
the ground layer on the edge as illustrated by Figure 31.  
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A. Common Middle Layer 
     One of the remarkable papers which violated the rule of having the number 
of inputs equal to the number of outputs is [30]. It showed a 3x4 Butler network 
with a frequency of 12 GHz. They integrated the three inputs with the network 
by using a power divider. One of the inputs passes through a power divider in 
the first stage, while the other passes through a branch-line coupler. The 
interconnection between layers is done by having an open slot in the ground 
layer, allowing coupling to take place between the two layers as shown in Figure 
32. The overall implemented design occupied an area of 1.945 x 1.945 mm
2
. 
The overall design is shown in Figure 33. The black-filled lines are etched on 
one layer while the white-filled ones are on the other layer. One layer has two 
couplers, two phase shifters and a power divider. The second layer has one 
coupler and two phase shifters.  
Substrate 
Substrate 
Conducting Metallic Layer 
Conducting Metallic Layer 
Ground Layer 
Substrate 
Substrate 
Conducting Metallic Layer 
Conducting Metallic Layer 
Ground Layer 
Figure 30  Metal-Ground-Metal Structure 
Figure 31  Metal-Metal-Ground Structure 
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Figure 32 Layer Switching [30] 
 
Figure 33 3x4 Butler Feed Network [30] 
     In [24], an ultra-wide band 4x4 Butler was designed and fabricated. It 
operated at 6.85 GHz. The novel idea in this work was the shape of the butterfly 
designed for layer interconnection, which is also used in the coupler. The Hybrid 
Coupler was designed using two transmission lines on different layers where the 
connection between them is accomplished by the butterfly interconnection 
design. The concept of the coupler is illustrated in Figure 34. The feeding and 
the direct ports are etched on one layer while the coupled and the isolated ports 
are implemented on the other side. There is an open hole in the common ground 
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layer to allow the coupling between the two layers. The final product is shown 
in Figure 35. 
 
Figure 34 Two-Layer Hybrid Coupler [24] 
 
Figure 35 Bilateral 4x4 Butler Network [24] 
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Figure 36 Measured transmission magnitudes of the butterfly 4×4 Butler matrix: (a) port 1 is fed (b) port 2 is 
fed [24] 
     In [16], a bandwidth of 1.1 GHz was achieved by an 8x8 Butler operating at 
4.75 GHz. They succeeded to increase the bandwidth significantly by using 
wide-band designs for the components. For the coupler, they used a three-
branch-line coupler instead of the common two-branch-line coupler, known as 
the classic Hybrid coupler. This new design of Hybrid coupler achieved 40% 
more bandwidth compared to the classic one. It operated from 3.9 GHz to 5.8 
GHz. Also, for the phase shifter, the paper used two-section Schiffman phase 
shifters, which has relatively a large bandwidth of 2.8 GHz; from 3 to 5.8 GHz. 
The thickness of the substrate used in the design was 0.8 mm with a dielectric 
constant of 2.55. The hole in the common layer has a diameter of 3.6 mm. 
     In [32], they achieved wider bandwidth than [16]. The bandwidth obtained in 
this paper was 7.6 GHz; from 3 to 10.6 GHz. They achieved this with a different 
design for the Hybrid coupler. The idea was exactly the same as [24]. They just 
used a different shape other than the butterfly. The overall size was 9 x 4 cm
2
 on 
a Rogers RO4003 substrate with thickness of 0.508 mm and dielectric constant 
of 3.38. 
B. Common Bottom Layer 
     The 4x4 Butler Network in [12] consists of six three-section couple-line 
directional couplers. Two of these couplers will be used for the crossover. 
Schiffman C-section phase shifter is implemented in the design where it assists 
the system to have a bandwidth of almost 2 GHz. The center frequency of 
operation was 3 GHz.  
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Figure 37 (a) Layout (b) Assembeled model of 4x4 Butler Matrix [12] 
     In [31], an 8x8 Butler matrix was used as a tool to measure the frequency 
response of any two port device. It gives accurate measurements for the 
transmission and the reflection coefficients in the range from 2 to 3.5 GHz. It 
utilizes the Butler matrix with an isolator to perform the measurements. The 
block diagram of the system is illustrated in Figure 38. The input signal is 
connected to port 1 while power measuring devices are connected to ports 2 – 8. 
Another power-measuring tool is needed at port 16 to act as a reference level. 
The device under test is connected to port 9. A switch in port 11 is needed to 
interchange between the measurements of transmission and reflection 
coefficients. Ports 12 – 15 are not used.   
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Figure 38  Schematic of the proposed multiport measuring system with a single 8x8 Butler matrix allowing for 
reflection and transmission coefficient measurement [31] 
3.2.1.3 Tetra-lateral Structure Design 
     Quite few papers followed a tetra-lateral structure. It is as the "Common 
Bottom Layer" structure with an extra ground layer on the top, as illustrated in 
Figure 39. This structure had been used in [10], [20], [22] and in [25]. 
 
 
 
 
 
 
     In [20], an 8x8 Butler matrix was implemented to operate at 920 MHz with a 
very narrow bandwidth of 80 MHz. The design of the coupler was quite similar 
to the tapered-line directional-coupler shown in the Tri-lateral structure [12] but 
with some stubs attached near the terminals for impedance matching. This 
Butler gets fed by two differently polarized signals; one at -45 degrees and the 
other at +45 degrees. There are two modes of operations; odd and even. The 
Substrate 
Substrate 
Substrate 
Conducting Metallic Layer 
Conducting Metallic Layer 
Ground Layer 
Ground Layer 
Figure 39 Terta-lateral Structure 
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even mode takes place when the amplitude and phase of the two signals on the 
two opposite layers are the same. So, the field will be generated from the two 
conducting layers to the ground plates facing them. Thus, no coupling will take 
place between the two conducting layers. While in the odd mode, the phases will 
be different resulting in having the field originated from one layer to the other 
layer as well as the ground plate facing it. So, odd mode is preferred over the 
even mode so that the coupler as well as phase shifter will function. Figure 40 
illustrates the concept. 
 
Figure 40 (a) even (b) odd modes of operations [20] 
     Another more complicated 8x8 Butler Matrix was designed in [10]. It used a 
3-dB broadside coupler with Schiffman phase shifter. Due to these components, 
the bandwidth reached 1.2 GHz at a center frequency of 2.2 GHz. This design 
was fabricated on a board of dimensions 160 x 100 mm
2
. The coupler was of the 
same type illustrated in [12] previously. Regarding the phase shifter, they used 
the design of one-section Schiffman phase shifter. The overall design is shown 
in the Figure 41. The dielectric constant of the substrate was 3.38 with a loss 
tangent of 0.0025 
 
Figure 41 8x8 Butler Matrix [10] 
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3.2.2 Literature Review of Antenna Array Integrated with Butler 
Network 
     Different types of antenna elements have been used as antenna arrays 
integrated with feed networks as mentioned in section 3.2.1. The types used 
were patch, quasi-Yagi and SIW slot antenna arrays. The most common type of 
microstrip antenna that has been used with Butler networks as well as other 
beam-forming networks is the patch antenna due to its design simplicity and 
higher gain compared to others. Even though patch antenna arrays have been 
used a lot, each paper tried to enhance the performance and introduce something 
unique from other patch designs.  
 
     In [44], a planar 9x9 and 11x11 patch antenna arrays have been simulated to 
analyze the 3D topologies when using them with a phased network. Their target 
was to acquire a low-cost receive-only Ku-band antenna operating at 11.7 GHz. 
The inter-spacing distance between the elements was set to half a wavelength. 
By simulation, the gain obtained for the 11x11 antenna array was from 17.6 to 
20.6 dB inside the elevation sector from 30˚ to 70˚. Trying to investigate the 
effect of having larger array size, a 16x16 planar patch antenna array has been 
simulated, where it gave a gain range from 16.9 to 23.7 dB over the same 
elevation sector but the 3dB bandwidth was narrower than before. They 
concluded that increasing the size of the array will not improve the coverage of 
the radiation pattern, actually, it will results in having more gain variation in the 
desired direction. This issue of gain variation can be solved by using larger sizes 
of Butler networks. 
 
     A linear 1x4 patch antenna array was designed, simulated and measured in 
[18]. The linear patches were designed and simulated to operate at 60.5 GHz, 
but since its butler network was found to operate at 62 GHz due to the 
aforementioned reasons in 3.2.1, these linear patches were measured at 62 GHz. 
The patch dimension was 2.286 x 1.575 mm
2
 while the inter-element spacing 
was 2.49 mm that corresponds to half a wavelength. As shown in Figure 42, the 
patch antenna had a return loss of -35 dB centered at 60.5 GHz with a 10dB BW 
of almost 1.5 GHz. The beams were steered at ±14˚ and ±40˚. The maximum 
gain achieved was 8.9 dB and that was when port 1 of Butler network is excited. 
While when port 2 is excited, a gain of 7.7 dB is obtained.  
 
37 
 
 
Figure 42 Simulated Return loss for the patch antenna [18] 
     A new antenna array design was proposed in [37], where the antenna element 
was the Quasi-Yagi antenna operating at 60 GHz with 5.8% bandwidth (3.5 
GHz). The design and dimensions of the quasi-Yagi antenna element are shown 
in Figure 43. The inter-element spacing was again set to 𝜆 2⁄ . 
 
 
Figure 43 Sinle Quasi-Yagi antenna element operating at 60 GHz [37]. 
     In [10], a linear 1x8 patch antenna array was attached to a phased network. In 
order to have better directivity, a reflector plane was attached to the back of the 
radiating elements to force the patterns to be pointed in one hemi-sphere. The 
antenna array was designed to operate at 2.45 GHz with dimensions of 41x26 
mm
2
. The reflector is placed 30 mm away from the system's structure as 
illustrated in Figure 44. 
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Figure 44 Configuration of the linear patch antenna with its reflector [10]. 
     A 1x4 patch antenna array is designed at 2.45 GHz in [28]. The inter-element 
spacing was as usual; 𝜆 2⁄ . The beams were radiated to ±15˚ and ±45˚ depending 
on which input of its Butler network is excited. While another 1x4 patch antenna 
array is operating at 60 GHz as the one in [38]. The novel idea presented in this 
paper was in how they fed their antenna array. It was accomplished by 
connecting the outputs of Butler network to a single conducting sheet that will 
couple into another upper conducting layer which is connected to the linear 
antenna array. The design is illustrated in Figure 19. The maximum gain 
achieved was 10.2 dBi and that was when port 1 is excited. While 9.7 dbi is 
obtained by exciting port 2. In this antenna array, all side lobes were lower than 
-9dB and the 3dB BW was 3.4 GHz. 
 
     Beams directed to three angles instead of the usual four were provided by a 
1x4 antenna array which was fed by a 3x4 Butler network, as shown in [30]. The 
three angles were 0˚ and ±25˚. The patch antenna array is designed to operate at 
12 GHz with an inter-element spacing of 0.45*λ. The patch was a square with a 
side length of 1.945mm. 
 
     A dual band 1x4 Patch antenna has been design in [17]. The system operated 
at 2.45 GHz with a maximum gain of 11.5 dBi, and at 5.8 GHz with gain peak of 
6 dBi. The performance is summarized in Table 2. Another dual band concept is 
presented in [25]. It attached two linear 1x4 patch antenna arrays, operating at 
two different frequencies, to a broadband Butler network via a diplexer for each 
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output. By this way, more focus was given to each array to enhance its 
performance. 
Table 2 Gain and angles of the fabricated system in [17] 
  
Port 
1 
Port 
2 
Port 
3 
Port 
4 
At 2.45 
GHz 
direction of 
maximum lobe 
(Degrees) 
8 39 -40 -11 
Gain (dB) 6.8 11.4 11.5 7.2 
At 5.8 
GHz 
direction of 
maximum lobe 
(Degrees) 
12 -25 26 -13 
Gain (dB) 5.3 5.8 6 5.2 
 
     Finally, a linear slot antenna array mounted on substrate-integrated 
waveguide (SIW) has been designed, simulated and measured in [45]. The 
bandwidth achieved was 4.5 GHz where the antenna was designed to operate at 
60 GHz. The maximum gain achieved was 22 dBi with a HPBW greater than 
120˚. Even though the antenna array has achieved relatively high gain, its 
efficiency was 68%. The good performance of this antenna array was achieved 
via the complex geometry and design of the antenna array that was based on the 
SIW technology. 
3.3 Literature Review Summary 
     Figure 45 shows the classification followed in this report and how much 
work is done under each category. It can be noticed that most of the work has 
been done using the bilateral structure design, where the complex geometry is 
avoided. Our proposed system will also be bilateral. Because of the same factor, 
Figure 46 shows that people focused on the 4x4 Butler instead of any higher size 
network. Also, according to Figure 47, very few papers were dedicated for the 
frequencies higher than 15 GHz. There are a bundle of papers operating at 60 
GHz. But only one was operating at 77 GHz and no paper did it at 28.5 GHz, the 
frequency of our proposed system that has the least path attenuation. 
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Figure 45  Classification based on number of layers 
 
 
Figure 46 4x4 Butler captured most of the attention 
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Figure 47 Classification based on operating frequency 
     In Figure 48, it is clear that a lot of attention is given to linear the patch antenna array. 
Design easiness, antenna size and high antenna gain played a major role of making the 
patch antenna very common with Butler networks. Still, different antennas have been 
proposed and designed in previous work. Slot antenna based on microstrip structures 
have not been used yet. One reason people avoided the slot antenna is the low gain 
acquired by them, that even having higher-order array will complicate the problem more 
due to the need to design power splitters and combiners. 
 
Operating Frequency 
< 1 GHz ]18[ ,]19[ ,]34[  
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3-7 GHz ]10[ ,]14[ ,]15[ ,]16[ ,
]23[ ,]31[ ,]5[ ,]39[  
7-13 GHz ]12[ ,]29[ ,]32[ ,]43[  
24 GHz ]26[  
28.5 GHz Proposed System 
60 GHz ]17[ ,]20[ ,]28[ ,]36[ ,
]37[ ,]44[  
77 GHz ]33[  
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Figure 48 Antenna Array types integrated with Butler Networks 
 
3.4 Conclusions 
     In this literature review, all work and researches conducted for the 
development of Butler feed network have been investigated. Starting with the 
limitations of the original Butler network introduced in 1961, people tried to 
solve the aforementioned problems and improve the performance. Some designs 
have improved the bandwidth, while some succeeded in shrinking the size 
significantly. New designs using multi-layers have been proposed and 
implemented. Regarding the problem of crossover, some papers came up with a 
novel design and they avoided the need for this component. 
 
     Since the Bilateral structure is the simplest geometry available, and since the 
problem of crossover is solved in a compact way using Hybrid couplers, this 
structure is chosen for our proposed system. Also, it can be noticed that no 
papers have been implemented to operate in the range from 25 to 60 GHz. Our 
system will operate at 28.5 GHz which has the lowest path attenuation as 
mentioned before. This band has a potential to be used for the 5G technology, 
especially after the experimental measurements that shown promising 
performance of this band as discussed in [3]. Also, no paper has implemented 
the use of slot antennas. A new 2D slot antenna array with its feed network will 
be presented in this work.  
73% 
9% 
9% 
9% 
Types of Antenna Array 
Linear Patch
Planar Patch
Linear SIW Slot
Quasi-Yagi
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4 CHAPTER 4 
BUTLER NETWORK DESIGN AND ANALYSIS 
     For our system, there are two main parts: Butler Feed Network and the 
Antenna Array. The focus first will be on designing the Butler Network. This 
feed network will be decomposed into its basic components. Each component 
will be designed and analyzed individually to give its maximum performance 
under the given conditions and requirements. They will also undergo fine tuning 
and modifying to force them operate at the desired operating frequency. After 
that, all components will be connected together to form the network. Then, 
tuning and resizing will be applied again to compensate for the deficiencies 
introduced when combining the components. 
 
     In this work, two simulation tools will be used; Microwave Office (MWO) 
and High Frequency Structure Simulator (HFSS). We will start with the design 
of the Hybrid Coupler, followed by the Crossover, Schiffman Phase Shifter and 
finally with the complete Butler Network. MWO simulation will be shown for 
stage 1 as a proof of concept only since the output responses of HFSS models 
were not up to the accepted level. At later stages, we succeeded to acquire 
satisfactory results using HFSS models, which are closer to real conditions, 
avoiding the need to prove the concept in MWO for the new parameters used. 
 
     In the following sections, the design procedure of the complete integrated 
system will be illustrated in stages, where each stage has its own material 
characteristics and design specifications. In this Thesis, we will have a total of 
three stages; the first one will be the first attempt, where we selected the 
material of RO3003 of thickness 1.76mm. Second stage will be based on a 
thinner substrate of 0.13mm for reasons explained later. Finally, third stage is 
similar to the second but we had to change the frequency response of constituent 
components to fix some further issues identified during the first fabricated 
model. 
4.1 Stage I (Butler Design on RO3003 substrate of thickness 1.76mm)  
     For a microwave system operating at 28.5 GHz, the wavelength will be very 
small; about 10 mm. For some components, like the Hybrid coupler, the spacing 
between elements is quarter wavelength. In other words, the spacing between 
the component's elements' centers will be 2.5 mm apart. So, having RO3003 as a 
substrate with dielectric constant of 3.0 and loss tangent of 0.0013, if the 
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characteristic impedance is set to be 50 ohm after choosing the thickness of 
1.76mm, the width of the line will be larger than 2.5/2 = 1.25 mm causing the 
elements to overlap. Because of this, the characteristic impedance was set to 100 
ohm instead. 
 
     In the market, all available ports working at 30 GHz are 50 ohm. Therefore, a 
quarter-wavelength transformer will be used to match our micro-strip (𝑍𝑜 =
100 Ω) line to the ports at the input and the output, where 
𝑍𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 =  √𝑍𝑖𝑛 ×  𝑍𝐿 . Figure 49 shows a diagram of the quarter-
wavelength transformer. The design details of each component of the Butler 
matrix will be explained in this sub-section. In sub-sequent sections, such details 
will be omitted and only the final optimized parameters will be shown with a 
focus on the results. 
 
 
Figure 49 Quarter Wavelength Transformer 
 
4.1.1 Hybrid Coupler 
4.1.1.1 Microwave Office Simulation 
     The design of the Hybrid coupler in MWO is shown in Figure 50. After that, 
the S-parameters and the phase graph are plotted in Figure  51 and Figure  52, 
respectively. As can be seen the coupler is operating at 28.5 GHz with equal 
power split between ports 2 and 3 and a 90 degrees phase difference. The 
calculated values of the coupler arms followed equation 
𝑺 =
−𝟏
√𝟐
 [
𝟎 𝒋
𝒋 𝟎
𝟏 𝟎
𝟎 𝟏
𝟏 𝟎
𝟎 𝟏
𝟎 𝒋
𝒋 𝟎
]                    (2.5). 
The insertion loss was around 3 dB and the inputs were matched to 50 ohms. 
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Figure 50 MWO Diagram of Hybrid Coupler 
 
Figure  51 MWO S-parameters from Port 1 of the Hybrid Coupler 
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Figure  52 MWO Phase Plot lot of the Hybrid Coupler 
 
4.1.1.2 High Frequency Structure Simulation 
     In HFSS, some points were noticed that affected the design from its 
theoretical dimensions. It was noticed that extending the length of both arms of 
the coupler will result in a narrower bandwidth of operation and an unequal 
power split between the two output ports. But the reflection coefficient 𝑆11 will 
be lower. Also extending the width of the thick arm will lead to a flatter 
response and wider bandwidth on one hand. It will also split the power more 
equally between the output ports. On the other hand, the reflection coefficient 
will increase and the operating frequency will be shifted downward. So, a trade 
of between the previous factors must be considered until approaching the design 
with the most efficient performance. When designing the coupler, having equal 
power split was given the top priority followed by the operating frequency. 
 
     In Figure  53, the Hybrid coupler model is shown in HFSS. The simulation 
results shows that at 28.5 GHz, the power levels at the output ports are -3.8 dB 
and -4.3 dB. These values are the closet levels acquired in HFSS. The phase 
difference between the two output ports are around 90 degrees as shown in 
Figure 55. A flat insertion loss is seen from 28.5 GHz up to 31 GHz. 
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Figure  53 HFSS Design of the Hybrid Coupler 
 
Figure 54 HFSS S-parameters from Port 1 of the Hybrid Coupler 
48 
 
 
Figure 55 HFSS Phase Plot lot of the Hybrid Coupler 
 
4.1.2 Crossover 
4.1.2.1 Microwave Office Simulation 
     The crossover's diagram in MWO is shown in Figure 56. The dimensions 
here are exactly the same as the values acquired from theoretical quantities. In 
MWO, the insertion loss introduced by the crossover to the two paths; S41 and 
S23, are very negligible. The simulated insertion loss is -0.05 dB at our 
operating frequency as shown in Figure  57. Also the phase shift introduced is 
very small. As Figure 58 shows, the phase shift is only 1.5 degrees at 28.5 GHz. 
 
 
Figure 56 MWO Diagram of the crossover 
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Figure  57 MWO S-parameters of the crossover 
 
Figure 58 MWO Phase Plot of the crossover 
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4.1.2.2 High Frequency Structure Simulation 
     In HFSS, the crossover needed little tuning. The design is presented in Figure 
59. The simulation result shows an insertion loss of -1.31 dB and it can go up to 
30 GHz with less loss as illustrated by Figure 60. It should be noticed that 
although the design was intended to be at 28.5 GHz, results show good 
performance at 29.5 GHz as well. The phase difference between the two paths is 
-0.55 degrees as shown in Figure  61. 
 
Figure 59 HFSS Design of the crossover 
 
Figure 60 HFSS Insertion loss of the two paths of the crossover 
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Figure  61 HFSS Phase shifts introduced by the crossover 
 
4.1.3 Schiffman Phase Shifter 
     For the phase shifter, MWO simulation will be skipped since it is only a straight 
microstrip line providing the required phase shift. The HFSS design of Schiffman phase 
shifter is shown in Figure  62. As Figure 63 shows, the insertion loss at 28.5 GHz is about 
-1.7 dB and the reflection coefficient is around -17 dB, which is desirable. 
 
 
Figure  62 HFSS Design of Schiffman Phase Shifter 
Phase difference is 0.55 degrees 
@ 28.5 GHz 
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Figure 63 HFSS Insertion Loss and Rerlection Coefficient of the proposed shifter 
    Tuning the shifter will be needed to provide the required phase shift in the 
design for a wide bandwidth, which is 45 degrees in our case. The shifter needs 
to be tuned to provide 45 degrees shift with respect to the other line. Now, it will 
be tuned and compared to the phase shift introduced by a straight line. Further 
tuning will be needed once the complete system is connected. So, since the 
phases of the output ports of the Hybrid coupler is known and previously 
simulated, it will be used as reference in the procedure, as illustrated in Figure 
64. It is found that the length needed for the C-section of the phase shifter is 
about 3.7 mm. Also the same length is needed for the base section. Making the 
width of the C-section half of the base section will provide the required 
performance in terms of insertion loss and reflection coefficient. After tuning, 
the phase difference is about -45 degrees for the range from 27.6 to 30 GHz as 
shown in Figure  65. 
 
Figure 64  HFSS Diagram of the tuning system 
Base Section 
C-Section 
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Figure  65 Schiffman Phase Shifter of 45 degrees 
 
4.1.4 The Complete Butler Network 
     After simulating all the components individually, they will be connected 
together to form the complete Butler network operating at 28.5 GHz. First, the 
MWO-based model will be presented, then the HFSS one. Results are compared 
and conclusions are made. 
4.1.4.1 Microwave Office Simulation 
     Figure 66 shows the block diagram in MWO of our Butler Network. In 
MWO, all results were close to the ideal case (i.e. One fourth of the input 
power) as shown in Figure 67 and Figure 68. We have almost -6 dB at each 
output and the phase differences were very close to 45 degrees. 
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Figure 66 MWO Diagram of the proposed 4x4 Butler 
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Figure 67 MWO S-parameters of Butler Nework when port 1 is excited 
 
Figure 68 MWO Phase Plot of Butler 
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4.1.4.2 High Frequency Structure Simulation 
     In HFSS, constructing the complete Butler was a hard task. The system 
layout is shown in Figure 69. The amplitude responses at the output ports were 
approximately close to each other for wide bandwidth as shown in Figure 70 
when port 1 is excited.  
 
 
 
Figure 69 Butler Network with modified Hybrid Couplers 
 
Figure 70 S-parameters for the proposed Butler Netwotk 
P1 P2 P3 P4 
P8 P7 P6 P5 
57 
 
    The power level at port 5 was -9.058 dB, while it was -11.111 dB for port 6 
and -11.66 dB for port 7. Port 8 had a power level of -10.145 dB. These power 
levels are the case when port 1 is excited. Having all the focus on reducing the 
power loss, the phases of the output ports are considerably mistuned. Phases at 
the output did not offer the required phase difference between adjacent ports as 
can be noticed from Figure 71. 
 
Figure 71 Phase Plot of the proposed Butler Network 
     When tuning the phase shifters, it sometimes degraded the amplitude so 
badly at the outputs. So, either having accepted amplitude and undesired phase 
differences, or having the desired phase difference but with a very weak signal 
unequally divided at the output. It has been noticed that Schiffman phase shifter 
was the reason behind this problem. That is due to the small distance gap 
between the lines in the small C-section of the shifter, which could introduce 
coupling and other effects. It must be mentioned that the Schiffman Phase 
Shifter has not been used for frequencies as high as 28.5 GHz. That is why we 
decided to remove this shifter and replace it with a normal microstrip line which 
will do the job of introducing the required phase shift. 
 
     The geometry of the input ports has been reconsidered to match the physical 
connector that will be used during measurements. A 50 ohm mini-SMP 
connector provided by Pasternack Company [46] is chosen as a physical port to 
our network. This port operates from DC up to 65 GHz. At our frequency, 
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28.5GHz, the insertion loss is expected to be 0.52 dB and 14dB for the return 
loss. A diagram of the port dimension is shown in Figure 72. 
 
Figure 72 Diagram for the physical port [46] 
    As a result, the new Butler, shown in Figure 73, with regular transmission lines as 
phase shifters and with pads next to the ports which are connected to the ground through 
vias. Amplitude and phase responses are shown in Figure 74 and Figure   75, 
respectively. The results shown are for port 1. The amplitude responses were not 
acceptable. The phase differences between adjacent output ports should be -45 degrees. 
The errors were 3.4, 3 and 21.5 degrees for the output ports, giving an average error of 
9.3 degrees. The average error when port 2 is excited was 16 degrees.  
 
Figure 73 Layout of Butler wit GND pads 
P1 P2 P3 P4 
P8 P7 P6 P5 
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Figure 74 Amplitude response when port 1 is excited 
 
Figure   75 Phase response when port 1 is excited 
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4.2 Stage II (Butler Design on RO3003 substrate of thickness 
0.13mm)  
     After observing the results of the designs from stage I, we noticed that we are 
still suffering from high loss at the output. Also, the power was not well divided 
between the ports (10 dB difference as in Figure 74) which was something not 
accepted. Taking a second overview over other references, we noticed that equal 
power split had been achieved at higher frequency using very thin substrates. So, 
it has been decided to go on with the thinnest substrate available for RO3003 
material which was 0.13mm. So, a new Butler has been built through the same 
procedure mentioned in Stage I. It also known that for network microstrip 
structures, the thinner the substrate the better the performance due to tight 
coupling of the fields between the line and its ground. Opposite can be done for 
antenna based microstrip structures. 
 
     Also, moving to a thinner substrate has eliminated the need for Quarter-
Wavelength impedance transformer at the ports. That is because the 50 and 70.7 
Ohm stubs needed for the Hybrid couplers are thin and will not overlap with 
their corresponding widths when the thickness is 0.13mm.  
 
     Moving to the thinner substrate has solved the two aforementioned major 
problems. The new layout of the Butler network is shown in Figure 76. The 
output responses when port 1 and 2 are excited are shown in Figure  77 to 
Figure  80. It can be noticed that power level at the output are much closer to the 
ideal value of -6dB. When port 1 is excited, -6.7dB is detected at port 5, 7 and 8, 
while -8dB is detected at port 6 since it has travelled the longest distance 
compared to the other paths; two couplers and two crossovers. The phase 
difference between adjacent ports should be 45˚ in ideal case. In this simulation, 
phase difference was 41.7 degrees between port 5 and 6, 56.3 degrees between 
ports 6 and 7 and 20.7 degrees between ports 7 and 8. So, the errors were 3.3, 
11.3 and 24.3 degrees introducing an average error of 13 degrees. Similarly, 
when port 2 is excited, around -7.5 dB is detected at the output ports. But in this 
case, port 6 will suffer the lowest attenuation of -5.5 dB. For phases, an average 
error of 15.5 degrees takes place. Simulation results when ports 3 and 4 are 
identical to ports 1 and 2. The dimensions of this Butler are 18.72 by 34 mm
2
. 
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Figure 76 Butler Network on a 0.13mm substrate 
 
Figure  77 Amlitude response when port 1 is excited for Butler-Stage II 
P1 P2 P3 P4 
P8 P7 P6 P5 
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Figure 78 Phase response when port 1 is excited for Butler-Stage II 
 
Figure 79 Amplitude response when port 2 is excited for Butler-Stage II 
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Figure  80 Phase response when port 2 is excited for Butler-Stage II 
     Having good output behavior affected the reflection coefficient of the system. At 28.5 
GHz, the reflection coefficients are -12 dB for ports 1 and 4, and it is -15 dB for ports 2 
and 3, as shown in Figure 81. This Butler network is somehow resonating at 31.4 GHz 
with good reflection coefficient of -20 dB for ports 2 and 3 and -30dB for ports 1 and 4. 
Nevertheless, since we got at least -12 dB at our point of interest, we proceeded with our 
design and integrated it to our system (i.e. integrated with antenna array). 
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Figure 81 Simulated reflection coefficients for Butler-Stage II 
 
4.3 Stage III (Second Butler Design on RO3003 substrate of thickness 
0.13mm) 
     The reason of entering this stage will be justified and illustrated in chapter 6; 
Fabrication & Measurement. In short words, we needed to redesign our Butler to 
have better reflection coefficients for all ports at 28.5 GHz. In the first and 
second stage, all components were designed to operate at 28.5 GHz, and we 
ended up having a system with its reflection coefficients centered at 31.4 GHz. 
In order to have the complete system resonating at 28.5 GHz, individual 
components were redesigned a third time. 
 
     Shown next in Figure 82 and Figure 83, simulation results for the new 
Hybrid Couplers and Crossovers are displayed. The new coupler is now 
resonating at 27.2 GHz, while the crossover is resonating at 28 GHz with in 
insertion loss of 0.2 dB and reflection coefficient lower than -45 dB. Using these 
new designs, a new Butler is constructed with a regular phase shifters as in stage 
II.  
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Figure 82 S-parameter for the redesigned Hybrid Coupler 
 
Figure 83 S-parameter of the redesigned Crossover 
     New Butler layout is shown in Figure 84 where the overall dimensions are 19 
by 35 mm
2
. With this design, the reflection coefficients for all ports are lowered 
below -20dB as illustrated in Figure 85. Fixing the reflection coefficients 
happened with an expense; output amplitudes are not close to each other as in 
stage II, but to the limit that it will not damage the performance of the final 
integrated system. Each pad near the ports is connected to the bottom ground 
plane by five 0.1mm-diameter vias.  
 
 
 
S-parameter of the redesigned Coupler Phase Responses of the Hybrid Coupler 
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Figure 84 Layout of Butler-Stage III 
 
Figure 85 Butler Output responses when port 1 is excited 
P1 P2 P3 P4 
P8 P7 P6 P5 
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Figure 86 Butler Output responses when port 2 is excited 
     The equal power split is no longer available with the current system. When 
any port is excited, the system will end up having a variation up to 6 dB 
difference between the output ports, at the cost of having better reflection 
coefficients. When port 1 is excited, -4.2 dB is detected at port 8 while on the 
other hand -10 dB is received at port 6. Port 5 will receive -8.1 dB while port 7 
will get -6.3 dB. When port 2 is excited, the variation at the output is 5 dB, 1 dB 
better than port 1. It must be noted that it is important to have equal power split 
between the outputs but it is not as important as having the right phase 
difference between adjacent ports. When port 1 is excited, the phase difference 
between ports 5 and 6 is 46.8 degrees. It is 46.4 degrees between ports 6 and 7, 
and 26 degrees between ports 7 and 8. It can be stated that we are having an 
average phase error of 9.76 degrees when port 1 is excited. The average errors 
are 19.77, 19.57 and 9.66 degrees for ports 2, 3 and 4, respectively.  
 
     In Figure 87, the reflection coefficients of the current Butler are shown, 
where S11 and S44 are resonating at 28.8 GHz and S22 and S33 are resonating 
at 28.2GHz. But all of them are having values less than -20 dB at 28.5GHz. 
Another factor forced us to redesign Butler network is the step where it will be 
connected to an antenna array radiating at 28.5 GHz. So, it is desired to have 
both systems; Butler and the antenna to resonate at the same frequency. 
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Figure 87 Reflection Coefficients of Butler-Stage III 
 
4.4 Conclusions 
     In this chapter, a Butler feed network was designed from its basic 
components. Starting by the Hybrid coupler, the Crossover and ending with the 
complete structure for Butler Network. The design procedure passed through 
many stages, out of which the most important three ones were shown. 
Simulation results were shown for each stage and it had been concluded to go on 
with Stage III design for our final integrated system. The Butler network based 
on stage III occupied a volume of 35 x 19 x 0.13 mm
3
. The BW of the system 
was almost 1 GHz from 28 to 29 GHz which was determined by the phase 
response. When port 1 is excited, the phase difference between port 5 and 6 is 
46.85 degrees; introducing an error of 1.85 degrees. The errors between the 
other adjacent two ports are 1.43 and 26 degrees; introducing an average error of 
9.76 degrees. The average errors when port 2, 3 or 4 is excited are 19.77, 19.57 
and 9.66 degrees, respectively.  
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5 CHAPTER 5 
COMPLETE MM-WAVE FEED NETWORK AND 
ANTENNA ARRAY SYSTEM 
     After designing Butler network, we still need two more sub-systems to 
complete the proposed system in Figure 2. The two sub-systems are the 4x4 
antenna array and the power-splitter/combiner needed to connect Butler to the 
antenna array. In this section, single element patch and slot antennas will be 
designed and simulated first. Then a linear 1x4 antenna array will be designed to 
check the performance of Butler Network before going to the full scale of 
having a 4x4 antenna array integrated with Butler feed network. 
5.1 Single Element Antennas at mm-wave 
     A single patch and a single slot will be designed in this step. This part will 
help to choose which antenna type to go on with. Different parameters will be 
considered when comparing the two types, i.e. bandwidth, directivity, reflection 
coefficient, size, and geometry. 
5.1.1 Single element patch antenna at mm-wave 
     The structure of the patch antenna has been explained in section 2.4.2. The 
dimensions of our patch antenna were found to be 2.98 by 3.65 mm
2
 when 
operating with a center frequency of 28.5 GHz. The edge feeding point has been 
shifted inside the patch by an inset of 1.1mm to match the impedance of the 
transmission line to the 50 ohm point of the patch. The layout of the single patch 
antenna is shown in Figure 88 (a). The reflection coefficient achieved was -31.8 
dB at 28.5GHz, with a bandwidth of 300 MHz and a Gain of 7.8 dB as 
illustrated in Figure 88 (b) and Figure 89. 
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Figure 88 Layout of a single patch antenna and its radiation 
 
Figure 89 Reflection Coefficient of a single patch antenna 
5.1.2 Single element slot antenna at mm-wave 
     Having an effective wavelength of 6.73 mm, the slot length is theoretically 
half-wavelength; 3.34mm. But after tuning the slot size in HFSS to have higher 
gain and resonance frequency closer to 28.5 GHz, the slot actual length was 
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3.75mm. The slot will cover an area of 3.75x0.5 mm
2
 on the ground plane. It 
will be fed by aperture coupling from a transmission line very close to one edge 
of the slot. The reflection coefficient attained was -26.4dB at 28.5 GHz. Another 
big advantage offered by the slot antenna beside its geometrical structure, is the 
very wide BW. Our design will offer a bandwidth of almost 4 GHz from 27 to 
31 GHz. On the other hand, gain is barely 3 dB and the pattern has front and 
back radiation instead of one when it is compared to patch antenna. Layout, 
radiation pattern and reflection coefficient are shown in Figure 90 and Figure 91 
respectively. 
 
Figure 90 (a) Layout and (b) radiation pattern of a single slot antenna 
 
Figure 91 Reflection Coefficient of a single slot antenna 
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5.2 Linear Antenna Array (1x4) at mm-wave 
     When designing the single element antenna, size had been taken into account 
in order to be able to place several elements next to each other. The Butler 
network integrated with these upcoming linear 1x4 antenna arrays is based on 
stage II design, where the problem of reflection coefficient has not been stated 
yet in the measurements. 
 
     For the linear patch antenna, the spacing between the output ports had been 
changed to 5mm to accommodate having the patches next to each other with 
small gaps in between. The layout of the integrated system is in Figure 92. The 
dimensions used for the substrate are 30 x 34 mm
2
. Radiation patterns are shown 
when ports 1 and 2 are excited in Figure 93 and when ports 3 and 4 are excited 
in Figure 94. 
 
 
Figure 92 Layout of Butler + Linear patch antenna array 
34 mm 
30 mm 
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Figure 93 Radiation patterns when port (a) 1 (b) 2 is excited for Butler+Linear patch array 
 
Figure 94 Radiation patterns when port (a) 3 (b) 4 is excited for Butler+Linear patch array 
     The gain obtained from a linear 1x4 patch antenna array was 10 dB for all 
cases. Although side lobes exist in undesired locations, it still can be observed 
that the maximum of the pattern is steering depending on which input is excited.  
 
     The spacing between the output ports for the linear slot antenna array has 
been set to three quarters of a wavelength, which is almost 5.6mm after tuning. 
The layout is shown in Figure 95. Figure 96 and Figure 97 show the obtained 
gain patterns for the excitation of various ports. The dimension of the system is 
33.76 x 35.63 mm
2
. A gain of 8.3 dB is achieved when ports 1 or 4 is excited. 
While the gain drops to 6 dB for port 3 and to 5.3 dB for port 2. Moreover, the 
problem of side lobes still exists in undesired locations. However, the peak of 
the beam is rotating according to which input is excited. So, Butler is behaving 
acceptably for both types of linear arrays. 
 
     Next, the feed network feeding the antenna elements will be discussed. 
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Figure 95 Layout of Butler + Linear Slot antenna array 
 
Figure 96 Radiation patterns when port (a) 1 (b) 2 is excited for Butler+Linear slot array 
35.63 mm 
33.76 mm 
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Figure 97 Radiation patterns when port (a) 3 (b) 4 is excited for Butler+Linear slot array 
5.3 Power Splitter/Combiner 
     Feeding a linear antenna array of 4 elements was an easy task; it was 
implemented previously without the need to explain it. Now, before going to 
design a 4x4 antenna, we need to know how to feed them. The feed network 
should deliver equal power and should not introduce phase difference between 
adjacent antenna elements in order to keep the scheme of patterns produced by 
Butler as it is.  
 
     There are two general types of feeding networks; series feed and corporate 
feed networks as illustrated by Figure 98. The advantages of using corporate 
feed network are the equal power split received at each antenna element, as well 
as the phase of the signal. On the other hand, using corporate network will 
consume a lot of space. Moreover, quarter-wavelength impedance transformer 
must be used to ensure matching the microstrip lines with the antenna elements 
as can be noticed from Figure 99. It can be done using tapered lines instead.  
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Figure 98 Types of feeding systems [6] 
 
Figure 99 Lambda/4 transformers needed for corporate network [6] 
     In terms of space, series feed networks consume the least. But they do not 
guarantee equal power delivery between the elements. The same can be said 
about the phase since it will produce some progressive phase shift with each 
antenna element it feeds, since there will be some distance of microstrip lines 
between the elements. Even though it is not like the corporate feed network in 
delivering equal phases, the important requirement for the beams to be steered is 
to have the phase difference between adjacent elements, not the phase value. So, 
let's say that we used series feed lines connected to the output ports of our 
Butler. The phase difference between the first element on the line fed by port 5 
and the first element on the line fed by port 6 will be 45 degrees (for example). 
As long as we keep the inter-element spacing fixed for all lines, the phase 
difference between the second element on the line fed by port 5 and the second 
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element on the line fed by port 6 is still 45 degrees, since the signals in both of 
them have experienced the same progressive phase shift. Thus, even though the 
amplitudes are not equal, the phase differences will provide the required beam 
steering (this has been investigated). 
5.4 Planar 4x4 Antenna Array 
     On one hand, the patch antenna, when compared to slot antenna, has better 
reflection coefficient and higher gain, thus, higher directivity. On the other hand, 
it consumes more space and has much narrower bandwidth. Regarding the slot 
antenna, the problem of low gain can be diminished since we will use a 4x4 
antenna array that will increase the gain. Thus, due to bandwidth, size and 
solved gain-issue, the slot antenna has been chosen to be used in our integrated 
system.  
 
     Also, due to the space saved when using the series feed network, it has been 
preferred over the corporate feed network. The duty in designing the series feed 
is to optimize the inter-element spacing between the elements such that it will 
reduce the power reflected. The layout of the designed 4x4 slot array is 
displayed in Figure 100. 
 
Figure 100 Layout of 4x4 slot antenna array 
5.6 mm 
5.6 mm 
26.375 mm 
32.775 mm 
21.5 mm 
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     The inter-element spacing is the same of the Linear 1x4 slot antenna array; 5.6 mm 
after tuning. After building this array, its radiation patterns will be analyzed after feeding 
the ports with an ideal Butler output. So, to mimic the outputs of Butler when its first port 
is excited, equal power will be distributed between the ports. Also, a phase difference of 
45 degrees will be forced between them. Then the 3D pattern of the radiation will be 
plotted. The same procedure applies when mimicking port 2 as illustrated in Figure 101. 
Port 3 will be identical to port 2 and port 4 is similar to port 1. Of course, reflection 
coefficient was considered when designing the inter-element spacing and slot size. All 
feed lines have reflection coefficients lower than -17 dB centered at 28.5 GHz as shown 
in Figure 102. A BW of 1 GHz is clearly seen. 
 
 
 
(a) 
 
(b) 
Figure 101 Radiation pattern when port (a) 1 (b) 2 is excited 
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Figure 102 Reflection Coefficients of 4x4 slot antenna array 
 
5.5 Complete integrated mm-wave System 
     The last part of this section is integrating the full 4x4 slot antenna array with 
the re-designed Butler as can be seen in Figure 103, where the overall 
dimensions were 43 x 35 mm
2
. The system shows acceptable response and the 
beams are tilted depending on which input is selected. 
 
     When port 1 is excited, Table 3 shows the patterns of the integrated system 
for three different frequencies side by side with the pattern produced by the 4x4 
slot antenna array fed by an ideal Butler output. It can be seen that the maximum 
gain obtained when the 4x4 slut antenna is fed with an ideal Butler output is 
11.4 dB, while the gain obtained from the complete integrated system is 1 dB 
only less than the ideal case at 28.5 GHz. The system covers almost 1 GHz of 
bandwidth as can be seen in the table. 
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Figure 103 The complete integrated system 
Table 4 shows the case when the second port of Butler is excited. There is a 0.5 dB 
difference between the ideal case and the complete system. The pattern of the system has 
a gain 8.5 dB. But it still suffers from high side lobes due to the phase errors and the non-
equal power splits at Butler's outputs. Table 5 and Table 6 show the two cases when ports 
3 and 4 are excited, respectively. At 28.5 GHz, the gain difference was 1.7 dB when port 
3 is excited and 0.6 dB when port 4 is excited. 
 
  
43 mm 
35 mm 
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Table 3 Patterns of complete system VS slot array when port 1 of Butler network is excited 
Port 1 4x4 Slot Antenna Array Complete Integrated System 
@ 28 
GHz 
  
@ 
28.5 
GHz 
  
@ 29 
GHz 
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Table 4 Patterns of complete system VS slot array when port 2 of Butler network is excited 
Port 2 4x4 Slot Antenna Array Complete Integrated System 
@ 28 
GHz 
  
@ 
28.5 
GHz 
  
@ 29 
GHz 
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Table 5 Patterns of complete system VS slot array when port 3 of Butler network is excited 
Port 3 4x4 Slot Antenna Array Complete Integrated System 
@ 28 
GHz 
  
@ 
28.5 
GHz 
  
@ 29 
GHz 
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Table 6 Patterns of complete system VS slot array when port 4 of Butler network is excited 
Port 4 4x4 Slot Antenna Array Complete Integrated System 
@ 28 
GHz 
  
@ 
28.5 
GHz 
  
@ 29 
GHz 
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     The 2D polar plots for the radiation patterns at 28.5 GHz are shown in Figure 
104. Figure (a) shows the pattern when port 1 is excited and (b) is when port 2 is 
excited. The patterns for ports 3 and 4 are almost identical to ports 1 and 2 due 
to the system's symmetrical structure. 
 
 
 
Figure 104 2D Polar plots for the radiation patterns when port (a) 1, (b) 2 is excited 
 
5.6 Conclusions 
     In this chapter, the complete integrated system; consisting of the Butler 
feeding network, power splitter and the 4x4 slot antenna array, was designed and 
simulated. The concept of steering the beams have been confirmed and 
illustrated. The integrated system occupied a volume of 43 x 35 x 0.13 mm
3
 of 
Roger 3003 substrate with dielectric constant of 3. The beams were steered to 
four locations, covering ±20˚ and ±45˚. The maximum gain obtained is 11.4 dB 
at 28.5GHz when port 4 is excited, while the minimum gain was 7.98 dB which 
happens when port 3 is excited. The integrated system has shown steady 
performance in simulation over 1 GHz of BW as illustrated by the tables. 
 
  
(a) (b) 
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6 CHAPTER 6 
FABRICATION & MEASUREMENTS 
     In this chapter, we present the attempted fabrications and designs as well as 
the obtained measurements. The successful and unsuccessful measurements of 
the Butler network, antenna array and the integrated system are presented. 
6.1 Butler - Stage I - Failed Attempts 
     Figure 105 will summarize all of the failed attempts to fabricate Butler network that 
was based on Stage I at the Antennas and Microwave Structure Design Laboratory 
(AMSDL) at the Electrical Engineering Department at KFUPM. We had to replace the 
etching tool with every attempt as the line width is only 0.3mm, and any used etching 
tool (even if it was used once) will etch out the complete copper on the PCB. One of the 
attempt almost succeeded but we failed to insert a via of the diameter as the holes in the 
pads. 
 
 
Figure 105 Butler PCB design based on Stage I 
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6.2 Butler - Stage II 
     After succeeding with getting results in simulation very close to the ideal 
case in Butler design stage II, we decided to manufacture the PCB in the UK. It 
is important to note that the thickness of this design is 0.13mm. If you stack up 2 
A4 papers, their combined thickness is 0.1mm. The fabricated design with 
assembled ports is shown in Figure 106.  
 
Figure 106 Fabricated Butler based on Stage II 
     Measuring S-parameter for this PCB was an extremely difficult task due to 
the fragile structure. A bend will be introduced by just holding it in the hand, it 
can be imagined the damage caused when trying to insert a 50 ohm SMP 
termination by pushing force. Unfortunately, the amplitude response was 
damaged and it was not close to the simulation values (Please check the 
appendix for this and other encountered challenges). Nevertheless, phase 
responses were measured and plotted in Figure 107. Compared with simulations, 
measured phase differences when port 1 is excited has experienced an average 
error of 17.75, which is 4.7 degrees far from the response acquired by 
simulation. While when port 2 is excited, the average error was 20 degrees, 
again 4.5 degrees away from the simulated response. 
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Figure 107 Phase response when port (a) 1 (b) 2 is excited 
 
6.3 Butler Integrated with Linear Array 
     This attempt was made to fabricate the Butler network with a linear antenna 
array where the Butler acquired in the second stage was used. The fabrication 
process was also done in the UK and the boards were sent to the University of 
Michigan, Ann Arbor, USA, where Prof. Kamal Sarabandi conducted the 
measurements for us. This time, in order to avoid the issue of damaging the 
structure again, a metalized sheet was attached to the back side of the substrate 
as shown in Figure 108. Of course, this metalized sheet was not covering the 
slots and was placed a little less than 2 cm away from them. 
 
 
Figure 108 Metallic sheet attached to support the fragile substrate 
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     Reflection coefficients were measured for both systems (see Figure 109). 
Unfortunately, both systems were having resonance at different frequencies. For 
the Butler integrated with linear patch array, ports 1 and 4 were resonating at 
29.5 GHz while ports 2 and 3 were resonating at 29.2 GHz. All of them were 
resonating well at 32.5 GHz while they were -7dB at 28.5 GHz, as shown in 
Figure 110. That was the reason behind redesigning Butler and going into Stage 
3 (as mentioned in section 4.3). We needed to redesign the Butler to ensure that 
all of Sxx are resonating closer to 28.5 GHz with accepted values. Figure  
111shows the results for the integrated system with a linear slot antenna array. 
Ports 2 and 3 were -13 dB at 28 GHz while ports 1 and 4 were around -11 dB at 
29 GHz. All ports were only -7 dB around 28.5 GHz. 
 
 
Figure 109 Exciting port 1 while others are terminted 
 
Figure 110 Measured reflection coefficients for Butler+Linear Patches when port 1 is excited 
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Figure  111 Measured reflection coefficients for Butler+Linear Slots when port 1 is excited 
 
6.4 Butler – Stage III 
Figure 112 shows the fabricated Butler network that was based on stage III. As 
shown in Figure 113, the reflection coefficients for the input ports are barely 
reaching the -10dB point. It must be noted that for all the coming measurements, 
the loss encountered in the wires as well as the adapters have not been included. 
Thus, BW would be slightly larger than the one shown in Figure 113. While the 
system is having better performance at 27 GHz with reflection coefficient of -14 
dB and an input -10dB BW of 200 MHz.  
 
 
Figure 112 Fabricated Butler Network based on Stage III 
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Figure 113 Measured input reflection coefficients of Butler-Stage III 
 
Figure 114 Measured output reflection coefficients of Butler-Stage III 
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     The output reflection coefficients are shown in Figure 114. It can be noticed 
that the lowest values appear at 27 GHz where all output ports experienced 
reflections of -8 to -10 dB.  
 
     Figure 115 and Figure 116 shows the detected power level at the four output 
ports when port 1 or 2 is excited, respectively. When port 1 is excited, there are 
two bands where the levels are kind of close to each other; at 28.5 and at 27 
GHz. It can be easily noted that the performance is better at 27 GHz because of 
the less attenuation in the power. In simulations, there was 4 dB variation 
between the output ports as shown in Figure 85. This 4 dB variation holds for 
the band from 28.5 to 29 GHz. As has been noticed before, the performance at 
27 GHz is better where signal levels are around -11dB. But the 4dB variation at 
the outputs holds for narrower BW that what is found at 28.5 GHz. When port 2 
is excited, the performance of the system is not well at 28.5 GHz. On the other 
hand, better and steady response is found at 27 dB. In simulations, the variation 
between the output ports was found to be about 3 dB as shown in Figure 86. 
This 3 dB variation holds for about 600 MHz about 27 GHz as can be observed 
from Figure 116. 
 
     In Figure 117 and Figure 118, the phase responses are shown for ports 1 and 
2, respectively. Unfortunately, there is non-linearity behavior in all output ports 
that made us unable to notify any region of operation in the entire band. It 
should be noted that the effects of the physical ports and the supporting back 
plane are not considered in the simulations.  
 
Figure 115 Measured output response of Butler-Stage III when port 1 is excited 
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Figure 116 Measured output response of Butler-Stage III when port 2 is excited 
 
Figure 117 Measured output phase response of Butler-Stage III when port 1 is excited 
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Figure 118 Measured output phase response of Butler-Stage III when port 2 is excited 
 
6.5 Linear Slot Antenna Array 
     The fabricated 4x4 Slot antenna array is shown in Figure 119. It appeared that the 
reflection coefficients have shifted 3 GHz down to 25.5 instead of 28.5 GHz as illustrated 
in Figure 120 while Figure 121 shows a comparison between the simulated and the 
measured reflection coefficient. Taking 25.5 GHz as the operating band, the reflection 
coefficients were -18 dB for all of the ports. The -10dB BW was 500 MHz. There were 
two other resonances at 28 and 30 GHz, but they were barely reaching the -10 dB point. 
It is expected that when this fabricated antenna array is integrated with the Butler 
network, it would not provide the optimum performance, since their operating points are 
now different after fabrication. It must be noted that a plastic backing material was 
mounted on the area around the connectors to make the substrate more rigid and capable 
of withstanding the pressure when attaching the cables to the ports, as the substrate is 
very thin and cannot take any small force. 
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Figure 119 The fabricated 4x4 Slot Antenna Array 
 
Figure 120 The measured reflection coefficients of the4x4 slot antenna array 
 
Figure 121 Comparison between Simulated and Measured reflection coefficient S11 
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6.6 Complete Integrated System 
     Since the fabricated antenna array operated at 25.5 GHz instead of 28.5 GHz, 
it is expected that this integrated system would not behave as intended at 28.5 
GHz. The fabricated complete integrated system is shown in Figure 122 and its 
measured reflection coefficients are plotted in Figure 123. The system is having 
almost -8dB of reflected power at the input ports at 27.5 and at 29 GHz. When 
port 2 is excited, the reflection coefficients of ports 2 and 3 are -13 dB. The -10 
dB BW is almost 400 MHz; from 25 to 25.5 GHz.  
 
Figure 122 The fabricated complete integrated system 
 
 
Figure 123 The measured reflection coefficients for the complete integrated system 
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6.7 Conclusions 
     In this chapter, fabrications and measurements were shown for different 
designs; the successful and the unsuccessful ones. First, it showed the failed 
attempt to fabricate Butler network at AMSD lab and then moved to the 
measurement conducted for the first successful fabricated model of Butler. 
Then, measurements have shown that our design of Butler needed to be 
reconsidered after having higher reflected power than what should be at the 
input ports of the linear antenna arrays integrated with the Butler network 
(Stage-II). After that, the Butler network (Stage-III) was measured and found to 
have a reflection coefficient of -9 dB while it had a -14 dB at 27 GHz. The 
antenna array was resonating at 25.25 with -18 dB.  
 
     It can be concluded that the system operated well at 25.3 GHz with a BW 
400 MHz, and that holds only when ports 2 or 3 are excited. Unfortunately, the 
fabricated system is not operating well at 25.3 GHz when port 1 or 4 is excited. 
We can conclude that we had a frequency shift in the performance, where the 
operating point has shifted 3.2 GHz from 28.5 to 25.3 GHz, that is almost 10 % 
error. Just to mention that in [18], they designed their system at 60 GHz and 
they got it at 62 GHz, which is 3.4 % error. For the same reasons here, the shift 
was introduced due to the fabrication process, where a single 0.1mm extra 
distance in the dimensions can introduce a shift in this very-small size system. 
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7 CHAPTER 7 
THESIS CONCLUSIONS 
7.1 Conclusions 
     In this Thesis, a beam-steering system was designed, analyzed and fabricated. 
The design procedure started with its major part which is the Butler network that 
was fully discussed and analyzed, followed by the design and analysis of the 4x4 
slot antenna array alongside with its series feed network as a power splitter. The 
final complete integrated system has been optimized to operate at 28.5 GHz in 
simulations. The gain achieved was 11 dB when port 1 or port 4 is excited. 
While the beams were steered at 4 different locations depending on which input 
port is excited. In measurement, a 3.2 GHz shift was introduced making the 
system to operate at 25.2 GHz. Unfortunately, only ports 2 and 3 operated at 
25.2 GHz while the others did not.  
 
     The Butler feed network has been designed in many stages, summarized by 
the three mentioned ones in this work. The first Butler network occupied a 
volume of 0.5 x 25.5 x 36.5 mm
3
 while it suffered from huge loss due to the 
relatively large thickness of the substrate. In the second stage, the thickness has 
been reduced to 0.13 and the output levels were much more acceptable. Its size 
was 0.13 x 18.72 x 34 mm
3
. The biggest loss experienced at port 6 when port 1 
is excited and it was only 2dB (compared to 16 dB loss in the first stage). For 
the phase responses, the average errors will vary from 13 to 15 degrees, which 
will not affect the final performance of the integrated system. The last Butler 
network was designed to enhance the input reflection coefficients of the 
previous model. It was achieved at the expense of increasing the variation of the 
detected power at the output ports; they are not as equal as before. Phase errors 
were in the range which will still not affect the steering mechanism. For the final 
fabricated Butler Network, there was a difference from 6 to 7.5 dB between the 
simulated and measured output power levels. Measured phase response was 
unclear to compare with simulations due to non-linearity behavior exhibited by 
the network. 
 
     After finishing the feed network, the focus was given to the antenna array 
that will be designed and integrated with the Butler network. Patch and slot 
antenna were investigated and analyzed. A 1x4, 2x4, 3x4 and 4x4 slot antenna 
array were designed, where the last one is selected due to its higher gain. (2x4 
and 3x4 are shown in Appendix D). In simulations, a reflection coefficient of -
18 dB centered at 28.5 GHz with a -10dB BW of 1 GHz is achieved by the 4x4 
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Slot antenna array. While in measurements, the reflection coefficient was -18.4 
dB with a BW of almost 400 MHz and it was shifted down to 25.2 GHz. After 
that, the complete system (Butler with Antenna Array) was designed and 
simulated.  
 
     Finally, the thesis was concluded with measurements that showed undesired 
shift in the frequency of operation, keeping in mind that a variation of 0.1 mm in 
fabrication would introduce considerable frequency shifts. Bearing in mind that 
the physical ports, backing plate and adapters were not accounted in the 
simulation, and their effect is quite considerable to the results.  
 
7.2 Future Work 
 
1- Re-optimize the complete integrated system to reduce the frequency shift 
as much as possible by re-simulating the system and considering finite 
conducting sheets instead of perfect layers.  
 
 
2- Try to investigate the energy levels supplied to each slot using the series 
feed approach and characterize the effect  of the end stub on this 
coupled power levels and phases. 
 
 
3- Investigate the feasibility of the proposed arrays with MIMO (Multi-
input-Multi-Output) systems. 
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APPENDIX (A) – CHALLENGES 
     In this section, I would like to mention some difficulties I have faced during 
this work and how I managed to take over them. Most of the points were 
mentioned throughout the thesis. But emphasizing them in this section would 
give clearer pictures about the issues.  
 
     The first point encountered was when I was trying to tune the Hybrid 
Coupler. It is important to note that the minimum peaks of S11 and S41 will not 
be exactly the same. Ideally, we would like both of them to be minimal, as S11 
will affect the reflection coefficient and S41 will affect the coupling between 
adjacent ports. The key is to concentrate on S11 and make its negative peak 
centered at 28.5 GHz, then we compromise for S41 making it as low as possible. 
We will end up with an excellent Hybrid coupler operating at 28.5 GHz.  
 
     Another major issue was to choose the right material for the substrate. It is 
known that for microstrip-based network, it is desired to have high dielectric 
constant and very thin thickness in order to keep the electric field in the 
substrate as much as possible. While for microstrip-based antennas, it is 
recommended to lower the dielectric constant and to increase the thickness of 
the substrate as we want the electric field to radiate away and not to be captured. 
For our system, we had both; Butler network and a 4x4 Slot antenna array. So, 
we had to compromise. Unfortunately, failure of our Butler (Stage I) has forced 
us to select the thinnest substrate available, ignoring the effect on the radiation 
performance of the antenna array. Otherwise, the system will not even function 
properly. 
 
     Even after choosing the right material for our system, tuning the early 
versions of Butler was difficult and would mess up the output amplitude if 
phases are fixed. However, it was stated that the Schiffman Phase shifter was 
not used at this high frequency. So, I tried replacing it with a regular 
transmission lines and it worked. It appears that the Schiffman Phase Shifter was 
having loosened reflection coefficient that would reflect huge part of the signal 
passing through it. Due to the high frequency, there also might be some coupling 
between the small stubs in the small C-section that might end the shifter up to 
resonate like an antenna instead of a regular phase shifter. 
 
     Also, after choosing the appropriate material with the right thickness, and 
after replacing the Schiffman Phase Shifter by regular transmission lines, tuning 
the Butler network to have the correct phase differences between the output 
ports cannot be accomplished to the full limit. Still, if you try to make the phases 
completely correct when a certain port is excited, you will end up introducing 
more errors when another port is excited. So, the catch is to compromise. It is 
recommended to lower the phase errors between the ports that have more power 
than the ports which have less power. 
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     One of the most difficult obstacles faced in this work was when I tried to 
make the reflection coefficients for all input ports of Butler resonate to resonate 
at 28.5 GHz. Even though all individual components were designed to operate at 
28.5 GHz, the final Butler was resonating at a frequency higher than 30 GHz. 
So, I had to redesign all the components at different frequencies in order to have 
the final Butler resonating at 28.5 GHz. This was solved by enormous 
optimization based simulations. It happened by having some couplers resonating 
at 27.2 GHz and crossovers are resonating at 28 GHz. Using these new designs 
will produce a Butler that has reflection coefficients closer to 28.5 GHz.  
     For the 4x4 Slot antenna array, there was only one way to control the 
resonance of the antenna array, which was the inter-element spacing between the 
elements. Using stub matching is not a recommended choice as the space 
between adjacent lines is already small. Even if we fit a stub in between, this 
stub is too close to the next line that it might couple some power from it and 
affect the performance. 
 
     One last point about the measurements, since the substrate is so thin, it is 
recommended to attach a thick plastic or metalized sheet to the back of the PCB, 
mounted on the ground. And it is always recommended to use tools and holders 
for the connection. Never use your bare hands for anything. As shown in Figure 
124, a tool holding the entire system is highly recommended when connecting 
the wires and pushing in the 50 ohm terminations. Also, the wires and the 
substrate must both be taped before the connection. As the force of a moving 
wire is enough to destroy the system as shown in Figure 125. 
 
 
Figure 124 Holder for the complete structure 
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Figure 125 Damaged board due to unmounted cables   
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APPENDIX (B) – PHASED ARRAY 
     Given that for an ideal Butler network, the output power levels should be 
equal and the phase difference between them is controlled. This will result in 
having a phased antenna array that will provide maximum radiation at certain 
directions.  
 
     The array factor of a linear antenna array can be expressed as: 
𝐴𝐹 =  ∑ 𝑒𝑗(𝑛−1)𝜓
𝑁
𝑛=1
 ; 
Given that d is the inter-element spacing of the antenna array, β is the phase 
difference between adjacent elements, N is the number of elements, θ is the 
elevation angle, the following equations are used: 
𝜓 = 𝑘𝑑 cos 𝜃 +  𝛽 
𝑘 =  2𝜋 𝜆⁄  
𝑑 =  𝜆 2⁄  (Selected to be half a wavelength) 
 
     The next MATLAB code shows the expected patterns when an ideal Butler is 
connected to a linear 1x4 antenna array. Figure 126 shows the patterns when the 
phase difference between the ports is varied. 
clear all 
clc 
t = -pi:0.01:pi; 
deg = t*180/pi; 
N = 4 ; % Number of elements 
j = sqrt(-1); 
z = zeros(size(t)); 
Beta = [-pi/4, 3*pi/4, -3*pi/4, pi/4]; 
AFi = zeros(length(Beta), length(t)); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for ij=1:1:length(Beta) 
    AF1=zeros(1,N); 
    AF2=zeros(1,length(t));     
    for mm=1:1:length(t) 
        sum = 0; 
        for n=1:1:N 
            AF1(n) = exp(j*(n-1)*(pi*cos(t(mm))+Beta(ij))); 
            sum = sum+AF1(n); 
        end 
        AF2(mm) = sum; 
    end 
AF2max = max(AF2); 
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AF2 = AF2/AF2max; 
AFi(ij,:) = AF2(1,:); 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(1) 
subplot(2,2,1), polar(t,AFi(1,:)) 
title('Beta = -45 Degrees'); 
subplot(2,2,2), polar(t,AFi(2,:)) 
title('Beta = 135 Degrees'); 
subplot(2,2,3), polar(t,AFi(3,:)) 
title('Beta = -135 Degrees'); 
subplot(2,2,4), polar(t,AFi(4,:)) 
title('Beta = 45 Degrees'); 
  
 
Figure 126 Radiation patterns of a 1x4 linear antenna array connected to an ideal Butler network 
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APPENDIX (C) – SOFTWARE TOOLS 
     In this work, two software tools were used to simulate the results for the 
designs. They were High Frequency Structural Simulator (HFSS) and 
Microwave Office (MWO). Computational Electromagnetics have several 
numerical techniques that can be applied to acquire solutions with certain 
tolerance. 
 
     HFSS is one of the commercial industrial tools used to solve the structures 
for the 3D full wave electromagnetic properties. Its solver is based on a 
numerical technique that will divide the required structures into small parts and 
finds the incremental electric and magnetic field components and then sums 
them geometrically for the whole structure to find to total fileds. This technique 
is the Finite Element Method (FEM). In FEM the partial differential equations 
are approximated to find solutions for boundary value problems. Depending on 
the structure and the case, HFSS also uses integral equation solvers as well as 
hybrid methods to provide solutions for a wide variety of problems. It is 
commonly used when designing antennas, microwave circuits and printed 
circuits. 
 
     MWO is a comprehensive tool that provides a variety of different design 
levels. It can be used to simulate all types of microwave and radio frequency 
circuits. Its system-level environment can enable designers to build complete 
system architecture and then observe the performance while optimizing its 
components. It also has a 3D FEM electromagnetic simulator that will be able to 
assist the designers to confirm the performance of their circuits. It can optimize 
and characterize passive components on RF printed circuit boards, monolithic 
microwave integrated circuit as well as antennas.  
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APPENDIX (D) – 2x4 & 3x4 SLOT ANTENNA ARRAY 
    In this appendix, the design and simulations of a 2x4 and a 3x4 slot antenna 
array will be shown. These array sizes were considered first to evaluate the gain, 
BW, reflection coefficients and physical dimensions to decide which one could 
fit within handheld small devices with minimal characteristics. 
 
     In Figure 127, the layout with the dimensions of the 2x4 slot antenna array is 
shown. The wavelength was set to 6.2mm while the slot's width was 0.5mm. A -
28dB reflected power is detected at the input ports at 28.5 GHz as noted in 
Figure 128 where the -10dB BW is 1 GHz. The gain obtained when port 1 is 
excited is 9.5 dB while it dropped to 7.8 dB with a relatively high back lobe 
when port 2 is excited. The radiation patterns when ports 1 & 2 are excited are 
shown in Figure 129. 
 
 
Figure 127 Layout of the 2x4 SLot Antenna Array 
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Figure 128 Reflection Coefficients of the 2x4 Slot Antenna Array 
 
Figure 129 Radiation patterns when port (a) 1 (b) 2 is excited for the 2x4 slot antenna array 
 
     The layout shown in Figure 130 is for the 3x4 slot antenna array. Using 12 
slots spaced a wavelength apart, the antenna array is resonating at 28.5 GHz 
with reflection coefficients lower then -20dB for all of the four ports. The slot 
width was optimized to 0.6mm and the wavelength to 6.55mm. The -10dB BW 
for this antenna array is 640 MHz; from 28.3 to 28.94 GHz as can be observed 
from Figure 131.  
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Figure 130 Layout of the 3x4 Slot Antenna Array 
     Figure 132 shows the radiation patterns when ports 1 & 2 are excited. The 
maximum gain obtained was 11.4 dB when port 1 is excited. Unfortunately, a 
relatively high back lope exists when port 2 is excited, while having a gain of 9 
dB in the desired direction. Results when ports 3 & 4 are very similar. 
 
 
Figure 131 Reflection Coefficients of the 3x4 Slot Antenna Array 
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Figure 132 Radiation patterns when port (a) 1 (b) 2 is excited for the 3x4 slot antenna array 
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